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Micronutrients and vitamins are chemical elements required in trace quantities for normal 
human growth and development. Micronutrients and vitamin deficiency is prevalent throughout 
the world. The first objective of this research was to determine folate concentration in 10 lentil 
genotypes and evaluate the effect of environment on folate concentration. Folate concentration 
ranged from 216 to 290 μg/100 g with a mean of 255 μg/100 g and the concentration differed 
across years and locations. A significant genotype × environment interaction effect was observed 
for lentil folate concentration. The second objective was to measure the iron, zinc, copper, 
calcium and magnesium concentration in 26 cultivated and wild lentils. Significant variation in 
Fe, Zn, Cu, Ca, and Mg concentration among Lens species and no single genotype had high 
concentrations of all micronutrients.The third objective was to determine genetic diversity 
among 29 cultivated and wild lentils using 39 simple sequence repeat markers. Thirteen of 39 
SSR markers were polymorphic among the 29 lentil genotypes. Cluster analysis grouped the 
genotypes into 4 clusters broadly based on the genotyping data and this grouping had 
correspondence with the pedigree relationships of the genotypes. The fourth objective was to 
develop expressed sequence tags-simple sequence repeats (EST-SSRs) markers in lentil. Lentil 
EST sequences (9513) from the NCBI database were assembled into 4053 unigenes. Unigenes 
were screened for simple sequence repeats and 348 primer pairs were designed. Fifty-seven 
primer pairs were polymorphic among the 22 lentil genotypes providing additional gene-specific 
primers for use in lentil breeding. The fifth objective was to develop gene specific molecular 
markers for iron metabolism related genes in lentil and to study their gene expression in the 
presence of excess iron. Gene specific markers were developed for Ferritin-1, BHLH-1, and IRT-
1 to allow detailed study of the iron metabolic pathway in lentil. Differential gene expression of 
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Ferritin-1 and IRT-1 under excess iron was observed at 2 hours but not at 8 hours and 24 hours. 
Results of these studies contribute to a broad understanding of the genetic variation, 
environmental influence on and expression of genes related to micronutrient and vitamin 
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CHAPTER 1. GENERAL INTRODUCTION 
More than 20 million childhood deaths occurr every year due to micronutrient deficiency 
(Anonymous 2008), and diet-related non-communicable diseases (cardiovascular diseases, 
cancers, chronic respiratory diseases and diabetes) (Bouis and Welch 2010). The United Nations 
(UN) recently announced that the increase in chronic, non-communicable diseases including 
diabetes, heart disease, and cancer has resulted in 36 million deaths around the world annually, 
claiming more lives than all other causes combined (World Health Organization, WHO 2005). 
These chronic diseases are not isolated to developed countries and are even more pronounced in 
the developing world. Such chronic diseases have caused more deaths than infectious diseases 
throughout the world (except Africa) in recent years (UN 2011). Therefore, enrichment of 
micronutrients in staple food crops is important for nutrition security of human beings especially 
in the developing world. 
Anaemia is a common nutritional disorder affecting humans and according to the World 
Health Organization (WHO 2005), about two billion people are anemic. Anaemia is a health 
condition characterized by low hemoglobin concentrations in the blood and threshold levels vary 
based on gender and race. There are generally two causes for anaemia: dietary micronutrient and 
vitamin deficiency like Fe, folate, vitamin B12 and or Vitamin A deficiency and infectious dis-
eases such as malaria, hookworm infections, schistosomiasis, and thalassaemia (WHO 2007). 
Iron deficiency may or may not be accompanied with anaemia but always has an important 
negative impact on human health. The effect of Fe deficiency is more pronounced in pregnant 
women and children (WHO 2007). Sometimes this has severe consequences leading to mortality 
of the new born children or even the fetus during the prenatal stage. 
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Table 1.1. Prevalence of micronutrient deficiency in the world. 
Deficiency Affected people Health consequences 
Iron (Fe) 2 billion  Reduced cognitive ability, anaemia,   
maternal mortality (UN system standing 
committee on nutrition 2004) 
Vitamin A 250 million  Night blindness, xerophthalmia, 
keratomalacia  and immune system failure 
(UN system standing committee on 
nutrition 2004) 
Zinc (Zn) 2 billion  Infectious diseases, poor child growth, 
maternal mortality, reduced birth weight 
(WHO 2005) 
 
 Children with acute iron deficiency show mental retardedness, laziness and in the case of 
working persons, reduced capacity to work (WHO 2007). 
 Folic acid (synthetic oxidized form of naturally occurring folates) consists of a p-
aminobenzoic molecule linked to a pteridine ring and one molecule of glutamic acid. Food 
folates, which exist in various forms, contain additional glutamate residues, making them 
polyglutamates (Bailey and Gregory 2006). Folate is a water soluble B vitamin involved in 
numerous biochemical reactions involving one carbon transfer, for example, purine and 
pyrimidine synthesis as well as amino acid interconversions (Krumdieck 1990). Prevention of 
chromosome breakage and hypomethylation of DNA (Fenech 2001) by folates aids in the 
reduction of risk factors leading to cancer and also plays a critical role in regulating 
homocysteine status, an important risk factor for cardiovascular ailments (Pancharuniti et al. 
1994). Lower levels of plasma folate are correlated with various health risks including neural 
tube defects (NTDs), which are a prime concern along with a few other congenital defects (Berry 
et al. 2000). Folate deficiency is also associated with macrocytic anaemia (enlarged red blood 
cells) (Boushey et al. 1995). There were reports of strong correlation between folate deficiency 
and iron deficiency causing anaemia (WHO 2007). 
  3  
 
 Populations in developing countries including Southeast Asia and Africa consume mostly 
cereal based diets. The ‘Green Revolution’ contributed to sustaining the cereal based diet to avert 
famine (Bouis and Welch 2010). The cereal based diets in most cases supply adequate calories 
but are insufficient to provide recommended quantities of micronutrients to the human body. 
Many countries have observed an increase in malnutrition cases due to the dependence on cereal 
based cropping systems (Welch and Graham 1999).  
 Biofortiﬁcation is the development of micronutrient and or vitamin rich crops using 
traditional crop improvement practices as well as modern biotechnology tools. It is a more 
sustainable and cost effective method than food supplementation, fortification and diet 
diversification. Though agronomic biofortification i.e. application of micronutrients through soil 
amendments, foliar sprays or irrigation water is practiced, in the case of Fe has not been 
successful (Bouis and Welch 2010; Tagliavini et al. 2000; Tagliavini and Rombola 2001). 
Genetic biofortification is a cost effective way to provide access to nutritional foods for people 
who are living in remote, less privileged areas of the world as it requires a one-time initial 
investment and easy seed multiplication through plant breeding interventions make it a 
promising approach. 
 Under the umbrella of the HarvestPlus program of CGIAR (Consultative Group of 
International Agricultural Research) the initial phase of biofortification programs included six 
food crops, common bean, cassava, maize, rice, sweet potato, and wheat. The initial phase of 
investment resulted in many success stories like orange sweet potato (OSP) cultivars with high 
levels of β –carotene (over 200 mg/g) (Bouis and Islam 2012), and beans with improved 
agronomic traits and grain type and 50–70% more Fe have been bred through conventional 
breeding (Nestel et al. 2006). Though conventional breeding is still the focus of the HarvestPlus 
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program, research into transgenic approaches are in some cases necessary and are being used. 
The most popular and earliest example of a success story of transgenic biofortification research 
was development of Golden Rice or β -carotene rich rice. Golden rice transgenic lines have been 
tested in field or controlled trials in the Philippines (transgenic of RC-28), and Bangladesh 
(transgenic of BRRI Dhan-29) and will certainly help to fight against Fe deficiency. Recently, an 
Fe rich, high yielding pearl millet cultivar, ICTP 8203-Fe, has been launched as a result of 
collaborative effort between the HarvestPlus program and Nirmal Seeds, a Hyderabad, India 
based seed company. The ongoing HarvestPlus phase included more food crops and a few more 
food legumes, especially lentil which is a regular component of the daily diet in major regions in 
South and Southeast Asia. Food legumes play a significant role as far as food security by 
supplying protein, dietary fiber along with essential micronutrients like Fe, Zn and Se with beta 
carotene and folates.  
Iron and folate bioavailability of a staple food crop mainly depends on food matrix 
factors. The concentration of promoter and inhibitor compounds in any food crop is influenced 
by both genetic and environmental factors. Modern plant breeding and molecular biology tools 
now make it possible to reduce antinutrients, such as phytic acid (PA) or increase the 
concentration of promoter substances, such as beta-carotene, ascorbic acid and phytoferritin in 
plant foods. Promoters and inhibitors of Fe absorption within the food matrix must be considered 
with respect to the bioavailability of non-heme Fe in a food crop (Cook et al. 1972). Phytic acid 
(PA), nearly ubiquitous in plants and used as the primary form of phosphorous (P) storage, 
inhibits absorption of Fe in the gut (Turnbull et al. 1962). Other inhibitors include fiber, heavy 
metals, and certain polyphenols and tannins (Glahn et al. 2002).   
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 Enrichment with prebiotics, beta-carotene, ascorbic acid and phytoferritin in plant-based 
diets has been shown to enhance the bioavailability of non-heme Fe in human (Welch 2002). 
Prebiotics improve Fe bioavailability as a result of biological fermentation of short chain 
polymers by natural microflora present in the colon (Yeung et al. 2005). Addition of vitamin A 
or beta-carotene can improve Fe bioavailability from plant-based foods (e.g., rice, wheat, corn) 
(Garcia-Carsal et al. 2000).  
Analysis of lentil food matrix components, along with cell culture and preliminary human 
nutrition studies, reveals clear mineral absorption promoter and inhibitor roles in modulating the 
levels of mineral bioavailability. Lentils contain high levels of Fe absorption promoters, such as 
prebiotics and beta-carotene, and are low in antinutrients, such as phytic acid and polyphenols 
(Thavarajah and Thavarajah 2012). It is reported that molar ratios of phytic acid:Fe above 10 
lead to reduced human Fe bioavailability (Ariza-Nieto et al. 2007).  
The term ‘folates’ collectively denotes the naturally occurring derivatives of folic acid 
(vitamin B9). Among the many naturally occurring polyglutamyl forms of tetrahydrofolic acid 
(THF) 5-methyl-THF, 10-formyl-THF, and 5-formyl THF, are the predominant forms of storage 
in food legumes (Yarbaeva et al. 2011; Hefni et al. 2009). Microbiological assay of folate 
estimation is erroneous (Hefni et al. 2009). It usually gives higher values compared to more 
accurate HPLC methods using the tri-enzyme extraction method (Talamond et al. 2000).   
Lentil (Lens culinaris ssp. culinaris Medik.) is an important cool season food legume 
crop cultivated throughout West Asia, North Africa, the Indian subcontinent, North America, and 
Australia (FAOSTATS 2010). Global production of lentil is around 5 MT with 392 KT being 
produced in the United States; 1947 KT from Canada (the largest exporter), 900 KT from India 
(the largest consumer and importer), 711 KT from Bangladesh, 447 KT from Turkey, 140 KT  
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from Australia, 125 KT from China, 123 KT from Ethiopia, 79 KT from Iran, and 77 KT from 
Syria (FAOSTAT 2010). Lentil is rich in protein (20-30%) with dietary fiber and a wide range of 
micronutrients. Lentil has a capacity to fix biological nitrogen making it a useful component for 
soil fertility and water management in cereal based cropping systems.   
 Genetic variation exists for micronutrient concentration (Graham and Welch 2000; Bouis 
2003; Graham et al. 2001) and plant breeding tools can improve β-carotene, iron, zinc, and other 
minerals in food crops through selection for appropriate genetic material (Nestel et al. 2006).  
Micronutrient density and yield are positively correlated unlike protein content and yield (Nestel 
et al. 2006). Also, it is possible to combine multiple nutrition traits in a single cultivar along with 
high yield (Nestel et al. 2006). 
 Knowledge of genetic diversity for a particular trait of interest can be a predictive tool for 
estimating genetic variation in segregating populations or hybrid progeny. Development of 
molecular markers linked with the loci controlling micronutrient concentration requires initial 
large scale evaluation of available germplasm sets of different food legumes. 
Table 1.2. Food matrix factors acting as a promoter or inhibitor to Fe bioavailability in 
lentil.  
 
Food matrix factor 
Promoters 
1. Prebiotics: inulin and fructans 
2. Beta-carotene 
3. Organic acids: ascorbic acid 
4. Amino acids 
Inhibitors 
1. Phytic acid 
2. Fiber 
3. Haemagglutinins  
4. Phenolics  
5. Heavy metals 
Source: Welch 2002. 
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 After identification of potential genotypes, suitable mapping populations can be 
developed for particular traits (Talukder et al. 2010; Beebe et al. 2000). Studies conducted to 
map and tag the gene(s)/QTL controlling micronutrient status in legumes and model plants  have 
reported quantitative inheritance patterns resulting in identification of gene(s)/QTL(s) capable of 
explaining modest amounts of phenotypic variation for micronutrient concentration [Sompong et 
al. 2012 (for phytic acid in mungbean ), Blair et al. 2005; Gelin et al. 2007; Cichy et al. 2009; 
Blair et al. 2010 a,b;  (for Fe  and Zn in common bean), Sankaran et al. 2009 (for several mineral 
elements in Medicago truncatula), Waters and Grusak 2008 (for  several seed mineral contents 
in Arabidopsis thaliana), Walker et al. 2006 (for phytic acid in soybean)].  
The objectives of this research were: 
1. To quantify the folate concentration of lentil genotypes and characterize the genotype x 
environment interaction effect on folate concentration. 
2. To determine iron and zinc concentration among cultivated and wild genotypes of lentil (Lens 
culinaris Medik.). 
3. To measure genetic diversity of a set of cultivated and wild lentil genotypes with simple 
sequence repeats (SSRs) markers. 
4. To develop expressed sequence tagged-simple sequence repeats markers (EST-SSRs) in lentil    
and validate those markers within a diverse set of lentil genotypes. 
5. To develop useful molecular markers in lentil for iron metabolism related genes and evaluate 
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CHAPTER 2. LITERATURE REVIEW 
Malnutrition 
“Status of child undernutrition remains unacceptable throughout the world, with 90 
percent of the developing world’s chronically undernourished children living in Asia and Africa” 
(UNICEF 2009). Children less than five years of age suffer more from malnutrition (UNICEF 
2009). In developing countries like India, 43 percent of children under the age of five are 
underweight and 48 percent are stunted (Arnold et al. 2009). Malnutrition is more common for 
children of mothers who are undernourished themselves than for children whose mothers are not 
undernourished (UNICEF 2009). In 2013 about 17,000 child deaths occurred each day (WHO 
2015b) and about 35% of annual child deaths under the age of five were due to malnutrition 
(WHO 2013).  
The term malnutrition refers to both undernutrition and overnutrition. Hence, obesity or 
overweight is also referred to as malnutrition. Overweight and obesity both indicate the 
excessive accumulation of body fat. Body mass index (BMI) is a ratio between body weight in 
kilograms (kg) and the square of body height in meters (m2).  BMI equal or above 25 is 
considered overweight and BMI equal to or above 30 is considered obese. Obesity is a serious 
issue in developed countries and worldwide where 1.9 billion are overweight adults (18 years old 
or above), and at least 600 million are obese (WHO 2015a).  
Intake of high carbohydrate, high fat food (energy-dense food) along with minimal or no 
physical activity increases the frequency of overweight or obese children as well as adults in all 
age groups. China and some African nations have the lowest percentage of obese indivduals 
(WHO 2015a). It was estimated that 42 million children under the age of five were overweight or 
obese in 2013 (WHO 2015a). Malnutrition initially included calorie and protein insufficiency as 
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sole parameters to be considered, however, today, micronutrient and vitamin deficiency are also 
being considered as components of malnutrition. There is opportunity to reduce malnutrition by 
ensuring proper nutrition of children in the first two years of life (1000 days), girls during 
adolescence, and mothers during pregnancy and lactation. Vitamin and micronutrient 
deficiencies are highly prevalent throughout the developing world. Anaemia in young children is 
a serious concern, because it may increase the chances of getting infected by infectious diseases 
and generally leads to impaired growth and development (UNICEF 2009).  
Micronutrients and vitamins 
Micronutrients and vitamins are chemical compounds important to human nutrition. At 
least 30 essential micronutrients exist that cannot be synthesized by the human body and must be 
obtained through food, either of plant or animal origin (Shergill-Bonner 2013). Recommended 
dietary intake varies by age, sex, and special circumstances and many countries adopt nutritional 
standards set forth by international organizations like FAO (Food and Agriculture Organization) 
and WHO (World Health Organization). United States of America and European Union have 
their own standard recommendation for daily intake of micronutrients and vitamins.  
Micronutrients are required in trace quantities and recommended daily allowances are 
measured in milligrams per day and they act as cofactors in metabolic pathways. For example, 
zinc is a cofactor in hundreds of enzymes (Shergill-Bonner 2013). Vitamins are also required in 
trace quantities and recommended daily allowances are measured in micrograms. Vitamins and 
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Iron 
Iron (Fe) is an important micronutrient for plant growth and survival and must be 
supplied from the soil solution. Fe is involved in numerous biological or cellular functions 
including photosynthesis, respiration and other redox reactions (Kim and Guerinot 2007). Iron is 
one of the most abundant elements on earth, however, it is not readily available to plants due its 
low solubility in the soil solution (Guerinot and Yi 1994). Deficiency in Fe supply to the plants 
results in development of deficiency symptoms including veinal or inter-veinal chloroloris, 
stunting, changes in color of the leaves and other green plant organs. Accumulation of Fe in high 
concentrations is toxic to the plants and the optimum concentration ranges from 10-9 to 10-4 M 
for optimum plant growth depending on the plant species. During respiration reduction of 
molecular oxygen produces superoxides and peroxides. Superoxides and peroxides are catalyzed 
by iron ions to generate hydroxy radicals (Halliwell and Gutteridge 1992). Plants have evolved 
systems to avoid any cellular damages arising from free radicals and to maintain iron 
homeostasis, an equilibrium state between iron deficiency and iron toxicity. 
There are two strategies within plants for Fe uptake and transport from the soil solution. 
Strategy I is reduction based and is common for dicot species and involves the plants extruding 
protons and phenolic compounds into the rhizosphere (the volume of soil area where roots are 
spread out) to lower the soil pH and make Fe+3 more soluble (Olsen et al. 1981). Strategy II is 
used by monocots and is chelation-based where plants release mugineic acid (MA) 
phytosiderophores which bind to Fe+3. Phytosiderophores are Fe+3 solubilizing molecules 
secreted by graminaceous plants (plant family: poaceae) under Fe deficient conditions (Takagi et 
al. 1976). Nine different types of MAs have been identified and all are synthesized from a 
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common precursor, S-adenosyl-methionine (Bashir et al. 2006). Strategy II is considered more 
efficient for Fe uptake and transport.  
Fe is bound to chelating compounds as it reaches the root symplast and is then released 
into the xylem. Fe release from the xylem vessel to leaf tissues is not clearly understood (Kim 
and Guerinot 2007). A small proportion of Fe is also transported through phloem sap and it is 
believed that many ZIP (zinc and iron transporter like protein) and IRT (iron regulating 
transporter like protein) genes facilitate movement of Fe across membranes in leaf and shoot 
tissues (Vert et al. 2002).  
Vacuoles accumulate Fe and in Arabidopsis, VIT1 (Vacuolar Iron Transporter I) is an 
important transporter responsible for Fe storage (Kim et al. 2006). In addition to VIT, the Nramp 
gene family (Natural Resistance Associated Macrophage Proteins) is active in transport of Fe 
(Curie et al. 2001). Ferritin proteins are the principal form of Fe storage in plants. It can store up 
to 4500 atoms of Fe per molecule. Ferritin is controlled by a gene family and ferritin coding 
genes and proteins share sequence similarity across plant and animal species and genera which 
indicates conservation of function. Many different ferritin genes have been cloned and 
characterized in different plant species including Arabidopsis (Petit et al. 2001), maize (Fobis-
loisy et al. 1995), Medicago truncatula (Györgyey et al. 2000), soybean (Glycine max) (Masuda 
et al. 2001), common bean (Phaseolus vulgaris) (Spence et al. 1991) and rice (Lucca et al. 2001). 
A limited number of species use both strategies for Fe uptake and translocation, for example, rice 
(Oryza sativa) (Inoue et al. 2009). Translocation through the casparian strip is mediated by 
different chelators like citrate, nicotinamine and MAs (Kobayashi and Nishizawa 2012). Xylem 
loading involves efflux transporters and phloem loading was assumed to have influx transporters 
(Kobayashi and Nishizawa 2012). Efflux and influx transporters play important roles during Fe 
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translocation. For example, YSL (Yellow Stripe Like) genes are involved in Fe translocation in 
many plant species (Curie et al. 2001). Plants use different strategies for uptake and storage of Fe 
and deficiency or toxicity is managed through changes in gene expression for different 
transporters, Fe storage genes and other associated genes involved in iron metabolism.  
Folates 
Folate or vitamin B9 provides methyl groups for certain metabolic reactions and 
deficiency of folate results in anaemia and neural tube defects. Naturally occurring folates are the 
pteroglutamyl forms of synthetic folic acid. Folic acid is the stable oxidized form (Colman et al. 
1975) and natural folates are sensitive to oxidation and are less stable (Murphy et al. 1976). 
Deficiency of dietary folates may cause neural tube defects in new borns including neural tube 
defects, spina bifida and anencephaly. Spina bifida is a spinal cord defect and anencephaly is a 
birth defect where portions of the brain, skull and scalp are partially absent in new borns. Werler 
et al. (1999) reported that folic acid supplementation of 400 micrograms per day had a positive 
impact in reducing the number of neural tube defects in newborns. They evaluated 3 basic 
approaches, folic acid supplements, consumption of folate rich food and fortifying food with 
synthetic folic acid, to meet the daily intake recommendation by the CDC (US Centers for 
Disease Control and Prevention). CDC recommendations emphasize daily intake of 400 
micrograms of folic acid supplements for all women of child bearing age and to not consume 
more than 1 mg of folic acid on a daily basis. Women who did not take folic acid supplements 
usually consumed lower quantities than prescribed. This is due to the fact that bioavailability of 
food folates was low compared to synthetic folic acid supplements (McNulty and Pentieva 
2004). Folate bioavailability differs among foods, for example, egg yolk, liver and orange juice 
have greater bioavailability than cabbage, lima beans and lettuce (Seyoum and Selhub 1998).  
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The natural form of folates is the polyglutamyl form and it is hydrolyzed into the 
monoglutamyl form in the intestine during or before absorption (Halsted and Tamura 1979). 
Hydrolysis is catalyzed by the conjugase enzyme (EC 3.4.12.10). Two types of folate conjugase 
are present – an intracellular form and the other is a brush border membrane (brush border 
membrane is the microvilli covered epithelium cell layer in intestine) bound form (Reisenauer et 
al. 1977). Folate bioavailability is reduced by factors which impair the conversion of 
polyglutamyl folates into the monoglutamyl form and prevent absorption through the brush 
border membrane in the human intestine. For example, trypsin inhibitors, phytohaemagglutinins 
and different folate binding proteins reduce conjugase enzyme activity (Bhandari and Gregory 
1990). The extent of inhibition ranged between null to more than 50% inhibition among different 
food sources (Bhandari and Gregory 1990; Reisenauer and Halsted 1981). 
The most popular method to estimate folate concentration is a microbiological assay 
involving Lactobacillus species. Han and Tyler (2003) used a tri-enzyme extraction and a 
microbiological assay using Lactobacillus rhamnosus L. to estimate total folate concentration in 
lentil, dry bean and peas. Tri-enzyme (α-amylase, protease, conjugase) extraction is reported to 
be more efficient than the single enzyme (conjugase) extraction method (Martin et al. 1990). The 
shortcomings of the microbiological assay to estimate folate concentration resulted in 
development of a high performance liquid chromatography (HPLC) method that has been 
adopted by many workers (Gujska and Kuncewicz 2005; Póo-Prieto et al. 2006).  
Biofortification 
The increase in global food production from the ‘Green Revolution’ saved millions of 
lives, however, a steep rise in non-communicable diseases like cardiovascular disease and cancer 
have been observed (Welch and Graham 1999). This rise in non-communicable diseases is 
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attributed to nutrient deficiency over a large proportion of the world population. 
‘Biofortification’ has been proposed to combat micronutrient and vitamin deficiencies (White 
and Broadley 2009, Welch and Graham 1999, 2004). Biofortification involves developing 
nutrient dense crop plants using plant breeding or modern plant biotechnological tools (White 
and Boadley 2009) (Fig. 2.1). Originally ‘biofortification’ was coined by Steve Beebe as a 
technique to improve the nutritional value of crop plants through genetic selection (Morgan 
2013). Johns and Eyzaguirre (2007) reviewed different biofortication programs across the globe 
on different crop plants, for example canola, cottonseed oil, maize, potato, rice, soybean, 
sunflower, sweet potato and tomato. They clearly pointed out the necessity of a localized effort 
in terms of selection of a target crop for nutritional profile improvement as well as the need of 
increased funding and development of infrastructure to carry out detailed nutritional analysis 
(Johns and Eyzaguirre 2007). Efforts to improve the nutritional quality should fit well in an 
ongoing breeding program due to limitation of resources (Johns and Eyzaguirre 2007). One 
example of a localized and community based biofortification program is the BioCassava Plus 
Program of CGIAR and other NARS (National Agricultural Research Systems) partners in 
Africa (Sayre et al. 2011). It was reported that about 250 million people in African nations 
depend on cassava as the primary daily calorie intake source (Sayre et al. 2011). A typical 
cassava meal (500 gm) provides sufficient calories, however, it is deficient in micronutrients 
(example iron, zinc), vitamins (example Provitamin A) and protein (Sayre et al. 2011). The 
BioCassava Plus program targeted iron, zinc, provitamin A and protein concentration and 
completion of the first phase resulted in an increase in target nutrients.  The ongoing second 
phase involves confined field trials, release and adoption strategies in African countries like 
Kenya and Nigeria (Sayre et al. 2011). Meenakshi et al. (2010) critically analyzed the ongoing 
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HarvestPlus driven biofortification programs across different African and Asian countries with 
the objective to compare the cost of biofortication programs and impact of realized gains in 
monetary value. Results showed that biofortication programs are costly and they have a 
significant positive impact in terms of realized gain (Meenakshi et al. 2010). Nestel et al. (2006) 
supported the idea of biofortification to alleviate malnutrition along with food fortification or 
dietary supplementation. Genetic or agronomic biofortification could also be more effective in 
countries where no coordinated or regulated food fortication program exists. 
 
Fig. 2.1. General process of biofortification research.  
A recent study in India has shown consumption of iron biofortified pearl millet decreased 
the iron deficiency in school children (Finkelstein et al. 2015). A Zinc biofortified rice variety 
(BRRI 72) has been released in Bangladesh for cultivation, this variety is high yielding and has 
high concentration of zinc (23 mg kg-1). In India, Indira Gandhi Krishi Viswavidyalaya (a land 
grant agriculture university) released the first high zinc rice variety (Chattisgarh zinc rice 1) for 
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cultivation. The grain zinc content of this variety is reported to be 6-8 parts per million. Vitamin 
A biofortified orange maize increased the body storage of vitamin A in Zambian children 
(Gannon et al. 2014). There are growing evidences that vitamin A biofortified sweet potato is 
improving the health status of the children in Mozambique (Jones et al. 2015). 
Lentil 
Lentil (Lens culinaris Medik.) is a nutritious food legume crop. Lentil is grown mainly in 
five different regions of the world; Canada (35%), India, Nepal, and Bangladesh (30%), Turkey 
and Syria (13%), Australia (8%), and the Midwestern region of the USA (4%) (FAOSTATS 
2013). The total world lentil production is about 5 million tons (FAOSTATS 2013) and it is 
grown over an area of 4.3 million ha. Lentil is one of the earliest plant species domesticated and 
used in the ‘Mediterranean Fertile Crescent’ (Cubero 1981). The cultivated lentil was studied in 
detail by Barulina (1930). Lentil taxonomy is as follows: Kingdom: Plantae (Plants), 
Subkingdom: Tracheobionta (Vascular Plants), Superdivision: Spermatophyta (Seed plants), 
Division: Magnoliophyta (Flowering plants), Class: Magnoliopsida (Dicotyledons), Subclass: 
Rosidae, Order: Fabales, Family: Fabaceae, Genus: Lens Mill., Species: Lens culinaris Medik. 
(Ferguson et al. 2000). Lentil is self-pollinated and it has a diploid (2n=14) genome size of about 
4 Gb (Arumuganathan and Earle 1991). Lens is a small genus of the Viciae tribe and is 
comprised of only one cultivated species (L. culinaris Medik.) and a few wild species or 
subspecies, including L. ervoides, L. nigricans, L. lamottei, L. culinaris subsp. orientalis, and L. 
culinaris subsp. tomentosus (Ferguson et al. 2000). L. orientalis is the most probable originator 
of cultivated L. culinaris Medik. (Sandhu and Singh 2007). Based on seed size there are two 
varietal groups of cultivated lentils, microsperma and macrosperma; microsperma is the small-
seeded type (seed diameter, 2-6 mm) and macrosperma is the large-seeded type (seed diameter, 
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6-9 mm) (Barulina 1930). Microsperma varieties are mostly grown in Asia and Africa and 
macrosperma varieties are grown in the Mediterranean region and North America.  
Lentil is considered a cool season crop species and is grown as a summer crop in 
temperate climates (for example in USA and Canada) and as a winter crop in subtropical 
climates (for example in India, Pakistan, Nepal). This climatic adaptation is due to the fact that 
lentil growth is adversely affected above 27°C and it can be grown from sea level up to 3000 m. 
Lentil is grown under rainfed conditions and requires comparatively colder temperature during 
initial growth stages (18-25°C) and warmer weather during maturity (25-30°C). Drought and 
frost tolerance are moderate. The lentil crop is seed propagated and sowing rate and row to row 
spacing varies from one growing condition to another. It can be grown in loam or clay loam soil 
and can withstand moderate alkalinity. Lentil is susceptible to any kind of water logging 
conditions. 
 Different organizations maintain and preserve the germplasm of cultivated and wild 
lentil species. The International Centre for Agricultural Research in the Dry Areas (ICARDA, 
Morocco) developed and maintains a germplasm mini core set comprised of 109 cultivated 
accessions from 15 countries and 52 wild accessions (L. culinaris ssp. orientalis, L. culinaris ssp. 
tomentosus and L. culinaris ssp. odemensis) from 11 countries (Kumar et al. 2015). Another mini 
core set of lentil was developed and is maintained by USDA/ARS, Regional Plant Introduction 
Station, Pullman, USA and is comprised of 384 accessions  and is consists of germplasm lines 
from various countries along with the cultivars, breeding lines and mapping population parents 
(Simon and Hannan 1995).  
Lentil is a potential crop for genetic biofortification due to its rich nutritional profile 
(Thavarajah and Thavarajah 2012). The narrow genetic base of lentil is similar to other food 
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legume species, therefore, wild species have to be explored along with cultivated species to find 
donors for high micronutrient traits. Information regarding mineral trait variability and 
inheritance is required to initiate an interspecific hybridization program, yet limited nutritional 
trait information is available for a wide range of Lens species. 
Sources of high micronutrient and vitamin B9 concentration 
Knowledge of available sources of quality traits (micronutrients and vitamins) is 
prerequisite for a biofortification program and evaluation of genetic resources is necessary to 
identify suitable sources. A limited number of studies exist in lentil reporting micronutrient and 
other quality traits. Karaköy et al. (2012) studied the mineral status of Turkish lentil landraces 
and cultivars in lentil and reported that Fe concentrations ranged between 49.4 to 81.4 mg kg-1.  
The concentrations reported for Zn, Cu, Ca, and Mg were 46.9-73.1 mg kg-1, 9.1-16.9 mg kg-1, 
480-1280 mg kg-1 and 850-1260 mg kg-1, respectively (Karaköy et al. 2012). In another study, 
Solanki et al. (1999) evaluated improved lentil cultivars in India. They reported Fe and Ca 
concentrations from 80-92 (mg kg-1), and 1150-1650 (mg kg-1), respectively. Thavarajah et al. 
(2009) reported Fe and Zn concentrations from 73-90 and 44-54 mg kg-1, respectively, in a set of 
lentil cultivars grown at 9 locations in Canada over 2 years. Zia-Ul-Haq et al. (2011) evaluated 
four improved lentil cultivars in Pakistan for different micronutrients and reported on Fe, Zn, Cu, 
and Ca concentrations ranging from 27-32, 39-44, 89-99, and 1180-1210 mg kg-1, respectively. 
In a study comparing micronutrient concentrations in different legumes, Iqbal et al. (2006) found 
that Fe, Zn, Cu, Ca and Mg concentration was 31, 44, 99, 1200, and 45 (mg kg-1), respectively, 
in lentil. Alghamdi et al. (2014) studied 35 advanced breeding lines of cultivated lentil in Saudi 
Arabia and reported concentrations for Mg (1261-1573 mg kg-1), Ca (64.9-84 mg kg-1), Fe (65.7- 
85.7 mg kg-1), Zn (26.3 -45.1 mg kg-1), and Cu (8.6 -13.7 mg kg-1).  
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Recently, Jha et al. (2015) evaluated a set of 4 popular cultivars of each food legume 
(pea, common bean, lentil and chickpea) from replicated field trials over two locations for folate 
concentration. The tri –enzyme extraction of seed samples and ultra-performance liquid 
chromatography coupled with mass spectrometry (UPLC–MS/MS) was used to quantify folate 
monoglutamate concentrations. Folate concentration ranged between 136.5-182.4 μg/100 g 
(lentil), 164.6 -232.4 μg/100 g [common bean (Phaseolus vulgaris)], 351.5-588.8 μg/100 g 
[chickpea (Cicer arietinum)] and 22.8-29.6 μg/100 g [pea (Pisum sativum)].  Significant 
environment effect on folate concentrations was detected (Jha et al. 2015). 
Singh et al. (2015) studied 30 lentil genotypes comprising Mediterranean landraces, 
breeding lines and released varieties in India for folate concentration. Mean total folate 
concentration was 222 μg/100 g and ranged from 114.4 to 448.1 μg/100 g. Mediterranean 
landraces were reported having higher folate concentration compared to other tested lentil 
genotypes.  
Availability of molecular markers in lentil for quality traits 
Hundreds of SSRs (simple sequence repeats), EST-SSRs (expressed sequence tagged-
single sequence repeats) or SNPs (single nucleotide polymorphisms) (Kaur et al. 2011, 2014; 
Verma et al. 2013, 2014) have been reported in lentil. Among the validated molecular markers 
only a limited number of markers were reported to be polymorphic (Hamweigh et al. 2009; Kaur 
et al. 2011, 2014; Verma et al. 2013, 2014). Hamweigh et al. (2009) developed 14 microsatellite 
markers from a genomic library developed in lentil genotype ILL5588. Kaur et al (2011) 
validated a set of 166 EST-SSR markers among which 79 (47.5% ) were polymorphic. The test 
genotypes were 12 cutivated lentils and one wild lentil genotype (L. nigricans). In a separate 
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study, Kaur et al. (2014) reported 61 polymorphic SSRs and 264 SNPs after testing 546 SSRs 
and 768 SNPs, respectively, in a lentil recombinant inbred line (RIL) population.  
Verma et al. (2013) using the transcriptome sequencing and de novo assembly analyzed 
the simple sequence repeats in lentil. Twenty-three primer pairs out of the 54 (42.6%) showed 
polymorphism while tesing among a set of 24 genotypes comprising lentil, Glycine, Medicago 
and Vigna genotypes. Amplified alleles ranged between 2-4 and polymorphism information 
content ranged between 0.06-0.88 with an average of 0.47.  
Verma et al. (2014) developed EST-SSRs through transcriptome sequencing of lentil 
genotype ‘Precoz’ and validated 33 polymorphic EST-SSRs among 46 lentil and other food 
legume genotypes. Alleles amplified ranged between 2–5 with an average of 3.73 alleles per 
locus. Polymorphic information content (PIC) for all the loci ranged from 0.13 to 0.99 with an 
average of 0.66 per locus. 
Recently, Andeden et al. (2015) developed (CA)n, (GA)n, (AAC)n and (ATG)n repeat 
enriched libraries and by sequencing these libraries found 78 polymorphic SSR markers. Wong 
et al. (2015) developed genome wide 5389 non-redundant SNPs using a two enzyme genotyping 
by sequencing (GBS) method. 
Ates et al. (2014) mapped 121 QTLs (quantitative trait loci) influencing the uptake of 
important micronutrients such as Mn and Zn uptake in lentil using a recombinant inbred line 
(RIL) population derived from the cross between CDC Redberry/ILL7502. In another study 
(Aldemir et al. 2014), AFLP (amplified fragment length polymorphism), SSR and SNP markers 
were used for genotyping. Aldemir et al. (2014) reported 4 QTLs controlling iron concentration 
using 181 molecular markers (150 AFLPs, 27 SSRs and 4 SNPs). The mapping population they 
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used was a recombinant inbred line population derived from a cross between ILL 8006–BM 
(Barimasur-4) x CDC Milestone.  
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CHAPTER 3. LENTIL-A RICH SOURCE OF FOLATES 
Abstract 
The potential for genetic biofortification of U.S.-grown lentils (Lens culinaris L.) with 
bioavailable folate has not been widely studied. The objectives of this study were (1) to 
determine the folate concentration of 10 commercial lentil cultivars grown in Minot and McLean 
counties, North Dakota, USA, in 2010 and 2011, (2) to determine the genotype (G) × 
environmental (E) interactions for folate concentration in lentil cultivars, and (3) to compare the 
folate concentration of other pulses [field peas (Pisum sativum L.) and chickpea (Cicer arietinum 
L.)] grown in the United States. Folate concentration in lentil cultivars ranged from 216 to 290 
μg/100 g with a mean of 255 μg/100 g. In addition, lentil showed higher folate concentration 
compared to chickpea (42−125 μg/100 g), yellow field pea (41−55 μg/100 g), and green field pea 
(50−202 μg/100 g). A 100 g serving of lentils could provide a significant amount of the 
recommended daily allowance of dietary folates (54−73%) for adults. A significant year × 
location interaction on lentil folate concentration was observed; this indicates that possible 
location sourcing may be required for future lentil folate research.  
Introduction 
Folate deficiency is a global problem affecting millions of people in both developed and 
developing countries (UN, 2008). Inadequate intake of folic acid during pregnancy increases the 
risks of preterm delivery, low birth weight, fetal growth retardation, and developmental neural 
tube defects (NTDs). In addition, low folate intake and elevated homocysteine levels are 
associated with the occurrence of neurodegenerative disorders, cardiovascular diseases, and a 
range of cancers, while adequate intake of both folates and folic acid in diets decreases total 
homocysteine levels in plasma (Blancquarert et al. 2010; Ray et al. 2000; Jacques et al. 1999). 
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Tetrahydrofolate and derivatives, collectively called folates, are water-soluble B-vitamins. 
Humans and animals cannot synthesize folates, and therefore they must be supplied from plant-
based and animal foods including liver and eggs. Pteroylmonoglutamic acid (folic acid) is the 
synthetic form of folate used in supplements and food fortification. In 1998, US and Canada 
mandated folic acid enrichment in all grain products to lower the risk of NTDs. This resulted in a 
20−53% decrease in the incidence of NTDs and more than a 38% reduction in the prevalence of 
anencephaly (Blancquarert et al. 2010; Green, 2002). Currently, the recommended daily intake 
(RDA) of folate is 400 μg of dietary folate equivalent for adults and 600 μg for pregnant women 
(Institute of Medicine, 1998).  Folic acid fortification and supplementation approaches have been 
adopted in many parts of the world, largely due to folate bioavailability (Blancquarert et al. 
2010; Rader 2002). Thus, alternative approaches to supply daily folates through biofortification 
of staple food crops may provide a sustainable means to provide bioavailable folates to people in 
many parts of the world (The Office of Dietary Supplements 2012). Most staple food crops, 
including cereals, potato (Solanum tuberosum L.), and banana (Musa sp), are poor sources of 
dietary folates, and diets based on these foods often do not reach the folate RDA of 400 μg/day 
(UN, 2008; Institute of medicine, 1998). Generally, leafy vegetables contain more folates 
(1.5−4.5 nmol/g fresh weight) than roots (0.3 nmol/g fresh weight) and fruits (0.2−0.8 nmol/g 
fresh weight) (Scott et al. 2000). The USDA nutrient database shows lentils (Lens culinaris L.) 
and common beans (Phaseolus vulgaris L.) are two pulses that are rich in folates (U. S. 
Department of Agriculture, 2012). Lentil is a traditional pulse crop mostly grown in low-rainfall, 
dryland cropping systems in rotation with cereals, wheat and rice. Annual world lentil production 
is approximately 4.4 M tons, about 90% of which occurs in five specific regions: Canada (35%-
1.53 t); India, Nepal, and Bangladesh (30%-1.23 t); Turkey and Syria (13%-0.55 t); Australia 
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(8%-0.38 t); and the Midwestern region of the USA including North Dakota, South Dakota, and 
eastern Montana (4%-0.21 t) (FAOSTATS 2010). Lentils are an emerging crop in North Dakota, 
and Montana, providing economic benefits in addition to the benefits derived from crop rotation, 
nitrogen fixation, and sustainable agriculture (Northern Pulses Growers Association 2013). 
Lentil cultivars are grouped into at least six market classes, including extra small red, small red, 
small green, medium green, large green, and dark green speckled. This classification is based on 
the size and color of the seed (Thavarajah et al. 2012). Lentils are rich in protein (20− 30%), 
prebiotics (including fructooligosaccharides, galactooligosaccharide, and resistant starch), and 
minerals, and are naturally low in phytic acid (Thavarajah et al. 2011; Thavarajah et al. 2009; 
Johnson et al. 2013a). Therefore, the selection and development of lentils cultivars high in 
bioavailable folates could have large benefits due to the complementarity profiles of other 
bioactive molecules present in lentils. To our knowledge, this study is the first comprehensive 
study on USA-grown lentils to assess their potential as a source of folates for future genetic 
studies on biofortification. The objectives of this study were (1) to determine the folate 
concentration of 10 commercial lentil cultivars grown in Minot and McLean counties, North 
Dakota, USA in 2010 and 2011, (2) to determine the genotype x environment interactions for 
folate concentration in lentil cultivars and (3) to compare the folate concentration of other pulses 
[field peas (Pisum sativum L.) and chickpea (Cicer arietinum L.)] grown in the USA. 
Materials and methods 
Materials 
Standards, reagents, and high-purity solvents used for high-performance liquid 
chromatographic (HPLC) analyses and enzymatic assays were purchased from Sigma-Aldrich 
Co. (St. Louis, MO, USA). Folate standards were freshly prepared each day. Water, distilled and 
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deionized (ddH2O) to a resistance of ≥18.2 MΩ (Milli-Q Water System, Millipore, Milford, MA, 
USA), was used for sample extractions and preparation.  
Seed samples 
The following commercial lentil cultivars were included: CDC Redberry, CDC Red 
Rider, CDC Lemay, CDC Greenland, CDC Rouleau, CDC Richlea, Riveland, CDC Rosetown, 
CDC Viceroy, and Pennell (Johnson et al. 2013a). An approximately 250−300 g subsample of 
seeds was collected. These seed samples were randomly taken from an entire harvested plot with 
three replications, two locations, and two years (2010 and 2011; total number of samples = 120). 
Two selected counties were Ward (48° 23′ 25′′ N, 101° 29′ 58′′ W, 27.2 cm average rainfall, and 
17.2 °C mean growing season temperature) and McLean (47° 57′ 74′′ N, 101° 239′ 60′′ W, 36.3 
cm average rainfall, and 17.2 °C mean growing season temperature), North Dakota. Samples 
were hand-cleaned of debris, air-dried (40 °C), and ground to pass through a sieve size of 0.25 
mm using a top-loading UD grinder (Unholtz Dickie Corp., Wallingford, CT, USA). Samples of 
10−20 g of ground seed (7.3% moisture) were stored at −40 °C until analysis. The moisture 
contents of these ground lentil seeds were measured using AACC method 44-15A (AACC 
International, 2013). In addition, three yellow field pea (DS Admiral, CDC Meadow, and 
Spider), five green field pea (CDC Striker, Shamrock, SGDP, K2, and Arcadia), and eight 
chickpea (CDC Frontier, Sierra, Dylan, Dwelley, Bronic, Billy Bean, Troy, and Sawyer) 
commercial seed samples were collected from the 2012 Pulse Quality Survey (Thavarajah and 
Thavarajah, 2012). A total of 16 seed samples were collected from North Dakota, Idaho, and 
Washington. An approximately 500−1000 g subsample of seeds was collected from the 2012 
Pulse Quality Survey conducted at the NDSU Pulse Quality and Nutrition Laboratory. Field pea 
and chickpea samples followed the same processing method as previously described for lentils.  
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Sample preparation and analysis 
Homogenization  
A finely ground sample of 0.25 g was weighed and dispersed in 12.5 mL of extraction 
buffer solution [75 mM potassium phosphate buffer (pH 6.0) containing 52 mM sodium 
ascorbate and 0.1% (v/v) 2- mercaptoethanol] (Hefni et al. 2010). The mixture was homogenized 
for 30 s using a vortex mixer. This procedure was done using amber-colored vials under 
minimum light conditions.  
Trienzyme Treatments 
 The homogenized seed samples were treated with enzymes according to the method 
described by Hefni et al. (2010). The seed samples were incubated with 1 mL of α-amylase 
(3000 U/mL) from Aspergillus oryzae (EC 3.2.1.1) for 1 h, followed by submersion in a boiling 
water bath (75 °C) for 12 min, and then cooled on ice. When the samples were cool, 2 mL of 
protease (5 mg/ mL) from Streptococcus griseus (EC 3.4.24.31) was added to each, incubated at 
37 °C for 1.5 h, and inactivated by submersion in a boiling water bath for 5 min. Finally, 0.2 mL 
of conjugase from rat serum was added to each sample, and the samples were incubated at 37 °C 
for 2.5 h. (Hefni et al. 2010). The enzymes were deactivated by placing the sample in a boiling 
water bath for 5 min and then cooling it on ice. The samples were centrifuged at 4000 rpm for 15 
min, and 1 mL of supernatant was collected in amber-colored bottles (minimum light condition) 
to reduce the breakdown of isolated folates. Then, these samples were immediately analyzed on a 
reversed phase high performance liquid chromatograph (RP-HPLC) (Jastrebova et al. 2013). 
Seed folate concentration was measured by HPLC (Agilent 1260, Agilent Technologies, Santa 
Clara, CA, USA) with a fluorescence detector at excitation and emission wavelengths 290 and 
360 nm, respectively. Folates were separated on a C18 column (Prodigy 5 μm, 250 × 4.6 mm 
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C18 column, Phenomenex, Torrance, CA, USA), with a guard column (Prodigy 5 μm, 30 × 4.6 
mm, Phenomenex). The column temperature was maintained at room temperature, 25 ± 1 °C, 
during the experiment. The mobile phase was acetonitrile and a 30 mM potassium phosphate 
buffer (pH 2.3) at a flow rate of 0.4 mL/min. The gradient was initiated at 5% acetonitrile and 
kept for 5 min and then linearly increased to 25% over 20 min. The gradient was kept at 25% 
acetonitrile for another 6 min. The concentration of the samples was quantified as micrograms of 
tetrahydrofolic acid (THF) equivalents per 100 g of dry sample. The concentrations of those 
analyzed THFs were detected within a linear range of 0.1−2.5 μg/g (r2 > 0.99). The minimal 
detectable limit was 0.01 μg/g. An external laboratory reference, CDC Redberry, was also used 
daily to ensure the accuracy, sensitivity, and reproducibility of detection. High-resolution mass 
spectrometry was used to confirm the samples and THF standards using a Bruker Daltonics 
BioTOF (mode, positive; dry gas temperature, 200 °C; capillary, 4500 V; ionization source, ESI; 
data reported, m/z) at the NDSU Core Synthesis and Analytical Service Facility, Fargo, ND, 
USA. 
Statistical analysis 
The experimental design was a randomized complete block design with three replicates 
of 10 commercial lentil genotypes grown at two locations over two years (n = 120). For 
combined analysis, the General Linear Model procedure (PROC GLM) of SAS version 9.3 (SAS 
Institute Inc., 2008) was used to perform analysis of variance with replicates, locations, and 
genotypes considered as random factors. A separate analysis of variance was performed for each 
year using SAS PROC GLM. Means were separated by Fisher’s protected least significant 
difference (LSD) at P < 0.05. Lentil folate concentrations were subjected to dissimilarity 
coefficient analysis using NTSYSpc ver. 2.2. (Rohlf 2009). A dendrogram was constructed 
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following an unweighted pair group method with arithmetic average (UPGMA) based on a 
dissimilarity matrix using NTSYSpc ver. 2.2. (Rohlf 2009). 
Results 
Analysis of variance components 
In combined analysis of variance, genotype effects were not statistically significant (P< 
0.05) (Table 3.1). However, individual location and year specific ANOVA showed that 
genotypic effects and genotype (G) × environment (E) interactions were significant (P < 0.05), 
with the exception of McClean County in 2011 (Table 3.2). Partitioning of variance further 
indicated that year × location and year × location × genotype interaction effects were statistically 
significant (P< 0.05) (Table 3.1).  
For 2010, total folate concentration ranged from 196 to 329 μg/100 g with an average of 
263 μg/100 g over two locations (Table 3.2). For 2011, total folate concentration ranged from 
187 to 310 μg/100 g with an average of 249 μg/100 g over two locations (Table 3.2). In this 
experiment, the total folate concentration in lentils was quantified as tetrahydrofolate (THF). 
Total folate density among lentil cultivars 
The total folate concentration of lentil cultivars ranged from 216 to 290 μg/100 g with an 
average of 255 μg/100 g (Table 3.3). A small red cultivar, CDC Rouleau, showed the highest 
concentration of 290 μg/100 g, and a large green cultivar, CDC Greenland, showed the lowest 
(216 μg/100 g). Percent recommended dietary intake (%RDA) of folates is 400 μg/day. 
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Table 3.1. Pooled analysis of variance for folate concentration for 10 lentil varieties grown 














Degrees of freedom based on three replicates. b Mean square was significantly different at P < 
0.05 (**) and P < 0.1 (*). 
 
Percent contribution to the folate RDA varies from 54% (CDC Greenland) to 73% (CDC 
Rouleau) from a single serving of 100 g of lentils (Table 3.3).  
Cluster analysis based on folate least-squares means 
Ten lentil cultivars were grouped into three clusters based on the mean values generated 
from unweighted pair group mean average method of analysis (Fig. 3.1). The two cultivars in 
cluster I, CDC Rouleau and CDC Richlea (287− 290 μg/100 g of folate), had the highest level of 
folate (Fig. 3.1). Cultivars CDC Rosetown, Pennell, CDC Red Rider, and CDC Viceroy were 
classified as cluster II with a moderate level of folate (244−269 μg/100 g) (Fig. 3.1). Cluster III 
consisted of CDC Lemay, Riveland, CDC Redberry, and CDC Greenland with a comparatively 




Source df,a Mean squareb 
Genotype  9 9220 
Location 1 1904 
Year 1 8467 
Year*Location 1 399746** 
Year*Genotype 9 2545 
Location*Genotype 9 13758 
Year*Location*Genotype 9 6880** 
Error 72 2037 
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Table 3.2. Mean concentration of folate and genotype effect by year and location. 
Year Location folate (µg/100g)a Genotype effect b 
2010 McLean 196x ** 
 Ward 329y * 
 Mean 263  
 SE 13.94  
2011 McLean 310x NS 
 Ward 187y ** 
 Mean 249  
 SE 13.03  
a Means within a column followed by different letters are significantly different at p < 0.05(n = 
60). 
b Genotype effect was significantly different at P < 0.05 (**) and P < 0.1 (*). 
NS, not significant.  
 
Table 3.3. Mean folate concentration and % recommended daily allowance (%RDA) of 
folates from 10 lentil varieties grown in North Dakota, USA, in 2010 and 2011. 
 
Market class Cultivar Folate (µg/100g)a 
% RDA from 
100g servingb 
Small red CDC Red Rider 252 a 63 
 CDC Redberry 219 b 55 
 CDC Rouleau 290 a 73 
Medium green CDC Richlea 287 a 72 
Extra small red CDC Rosetown 269 a 67 
Large green Pennell 262 a 66 
 CDC Greenland 216 b 54 
 Riveland 222 a 56 
Small green CDC Viceroy 244 a 61 
Dark green speckled CDC Lemay 228 b 57 
Mean  255 62 
SEc  13  
a Means within a column followed by different letters are significantly different at P < 0.05.   
b The % RDA for folates (400 µg per day for adults) was calculated based on the 100 g serving of 
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Table 3.4. Comparison of folate concentrations and %RDA from other pulse crops grown 
in the USA. 
 
Market Class Cultivar State folate (µg/100g) % RDA from 
100g serving 
Yellow Peas DS Admiral ND 54 14 
 CDC Meadows ND 41 10 
 Spider ND 55 14 
 Mean  50 12 
 SE  4  
Green Pea CDC Striker ND 50 12 
 Shamrock ND 63 16 
 SGDP ND 202 51 
 K2 ND 53 13 
 Arcadia ND 156 39 
 Mean  105 26 
 SE  35  
Kabuli Chickpea CDC Frontier ND 125 31 
 Sierra WA 66 17 
 Dylan WA 54 14 
 Dwelley ID 54 14 
 Bronic ID 59 15 
 Billy Bean ID 42 11 
 Troy ID 70 18 
 Sawyer ID 48 12 
     
 Mean  65 16 
 SE  8  
 
Comparison with other food legumes 
The total folate concentration in yellow field peas ranged from 41 to 55 μg/100 g with an 
average of 50 μg/100 g, and green field pea folate concentration ranged from 50 to 202 μg/100 g 
with an average of 105 μg/100 g (Table 3.4). Chickpea cultivars had folate concentrations 
ranging from 42 to 125 μg/100 g with an average of 65 μg/100 g (Table 3.4). A 100 g of serving 
of yellow field peas, green field peas, and chickpeas can supply 12, 26, and 16% of the daily 
folate intake requirement, respectively (Table 3.4). 
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Discussion 
A folate concentration of 255 μg/100 g (on average) makes lentil a promising whole food 
source of folates. To our knowledge, this is the first study to quantify total folate levels in lentils 
in a replicated field study and the first to analyze variance components in a multiyear and 
multilocation experiment for folate concentration. Nutritional quality traits of most staple food 
crops including micronutrient and prebiotic concentrations are mostly influenced by genotype 
(G) × environment (E) interaction (Falcon 2011; Welch and Graham 1999). In 2010, total folate 
concentration ranged between 196 and 329 μg/100 g over two locations. 
 
 
Fig. 3.1. Dendrogram based on dissimilarity matrix data following the unweighted pair 
group mean average method. 
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In 2011, total folate concentration varied from 187 to 310 μg/100 g over the locations. In 
May 2011, the Federal Emergency Management Agency declared both Ward and McLean 
counties as officially affected by flood damage, and both counties were eligible for public 
assistance (Federal Emergency Management Agency, 2011). This major meteorological 
difference between the years contributed to the high year × location and year × location × 
genotype variance components. 
This effect of an interaction component influencing total variances for folate 
concentration is comparable to the results of several previous studies involving micronutrients, 
prebiotics, and phenolics in lentil (Johnson et al. 2013a; Johnson et al. 2013b; Thavarajah et al. 
2011). The predominance of G × E interaction effects indicates the necessity to include soil 
fertility analysis of the experimental site particularly before and after the experiment; this 
analysis will help to evaluate the genetic potential of a genotype for folate concentration more 
accurately. The grouping of cultivars based on folate concentration will assist in further genetic 
and agronomic studies for selection and breeding within these lentil market classes. Chickpea 
and field pea are other cool-season food legumes that are grown extensively in the temperate 
areas of the world; however, the average concentration of folate (255 μg/100 g) in lentil is higher 
than in chickpeas and in yellow and green field peas. 
This study also indicates that the range of variability within the species is comparatively 
lower in lentil (216−290 μg/100 g) compared to other food legumes (in the case of kabuli 
chickpea and field peas folate ranged from 42 to 125 μg/100 g and from 41 to 202 μg/100 g, 
respectively) (Table 4). The USDA Nutrition Database indicated that total dietary folate 
equivalences for raw lentils, field peas, and chickpeas are as follows: 479 μg/100 g for lentils, 
557 μg/100 g for field peas, and 65 μg/100 g for chickpeas (U.S Department of Agriculture, 
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2012). Goyer et al. reported that the folate concentration of 12 different common beans grown in 
different locations of the United States ranged from 202 to 257 μg/100 g, and both of these 
results are similar to the results reported in this study (Goyar et al. 2008). Food folate levels have 
been measured using different analytical methods including HPLC and microbial assays 
(Yarbaeva et al. 2011; Hefni et al. 2010; Goyer et al. 2008; Han et al. 2003). These assays 
include a microbiological method using Lactobacillus rhamnosus (Yarbaeva et al. 2011; Han et 
al. 2003) and HPLC-MS methods (Yarbaeva et al. 2011; Hefni et al. 2010). Liquid 
chromatography− mass spectrometry (LC-MS) enables the simultaneous identification and 
quantification of different folates. In the present study 5-methyl-THF and 10-formyl-THF forms 
were qualitatively identified to determine the presence of different folate forms. An exhaustive 
analysis by different excitation/emission by fluorescence detection and use of LC-MS would 
have provided a range of other folate presence due to the analytical capabilities of those methods. 
No attempts were made in this study as high-resolution mass spectrometry analysis may not be a 
feasible high-throughput screening tool due to the time and cost constraints. Therefore, HPLC 
may be a rapid screening tool when a large number of lentil samples are selected for breeding 
purposes. Research on folate bioavailability in staple food crops is limited. Food folates are 
converted to monoglutamyl tetrahydrofolate before absorption in the jejunum. Many factors 
affect folate bioavailability including folate form, host background, quantity of folate ingested, 
and nutrient status (Blancquarert et al. 2010). There have been contradictory reports regarding 
the bioavailability of different folate forms or folic acid. For example, a few studies have 
suggested that folic acid is more bioavailable than other forms (Gregory et al. 1992). However, 
other studies reported that there are no significant differences in terms of bioavailability of folic 
acid and other folate forms (Gregory et al. 1992).  Because most of the folate in legumes remains 
  49  
 
as THF, the estimates of THF are appropriate as a measure of folate concentrations in lentils 
(Yarbaeva et al. 2011). Global biofortification efforts for increased levels of micronutrients in 
lentils have been limited to a few research groups (Johnson et al. 2013a; Thavarajah et al. 2011). 
A few studies have been reported in which staple crops have been determined to have a useful 
level of genetic variability for micronutrients including iron, zinc, pro-vitamin A, and 
carotenoids (Welch and Graham, 2005; Gharam and Welch 2000; Welch and Graham, 1999). On 
the basis of these initial observations, more detailed future study is suggested to determine the 
range of genetic diversity that exists in lentil germplasm. This would be helpful to generate data 
for the entire range of existing genetic variability in this crop species and its close relatives. 
Furthermore, any future study should also take into consideration the environment and its 
interaction on genotype effects. 
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CHAPTER 4. GENETIC VARIATION OF MINERAL CONCENTRATIONS 
IN LENS GENOTYPES 
Abstract 
Lentil (Lens culinaris Medik.) is an important staple food crop grown in many parts of 
the world. Information on the seed mineral concentration of genetically diverse Lens genotypes 
is limited. The objective of this study was to determine the genetic variation of iron (Fe), zinc 
(Zn), calcium (Ca), copper (Cu), and magnesium (Mg) concentrations in 26 lentil accessions 
representing 4 Lens species, and 3 subspecies of Lens culinaris. Plants were grown in a 
greenhouse using a completely randomized design with three replicates. Lentil seed mineral 
concentration was measured using acid digestion followed by inductively coupled plasma-optical 
emission spectroscopy. Significant variation in Fe, Zn, Ca, Cu, and Mg concentrations was 
observed across the different Lens species. Seed concentrations of Fe, Zn, Ca, Cu, and Mg varied 
from 26-92, 17-51, 97-536, 3-12 and 272-892 mg kg-1, respectively. Mineral concentrations for 
L. lamottei (Fe=64-80, Zn=26-40, Ca=311-434, Cu=2-6, Mg=754-839 mg kg-1, respectively), L. 
nigricans (60-70, 33-39, 508-590, 3-4, 445-738 mg kg-1, respectively) and L. ervoides  (65, 37, 
339, 6, 638 mg kg-1, respectively) were within the range of Lens culinaris genotypes.  No wild 
species of lentil was found superior to cultivated lentils for all micronutrients studied. The results 
indicated that the development of intra-specific populations using contrast parents from 
cultivated species would be better for mapping genes/QTLs associated with mineral nutrient 
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Introduction 
Two billion people around the world suffer from micronutrient malnutrition 
(IFAD/FAO/WFP 2011). Micronutrient deficiency results from inadequate intake of vitamins 
and minerals in diets. Different methods are available today to prevent micronutrient 
malnutrition, including food fortification, dietary supplementation, diversification, and 
biofortification. Biofortification, using traditional plant breeding practices combined with 
biotechnology, is a sustainable approach to the development of mineral-dense staple crops 
(Pfeiffer and McClafferty 2007; Welch and Graham 1999). Biofortification has been a success 
for several staple food crops including high protein maize (Zea mays L.) (QPM), β-carotene rich 
sweet potato (Ipomoea batatas) and rice (Oryza sativa), iron (Fe) rich common bean (Phaseolus 
vulgaris) and pearl millet (Pennisetum glaucum) cultivars are cultivated in many countries 
(Bouis et al. 2013). These crop cultivars are gaining popularity among growers in Asia and 
Africa. White and Broadley (2009) reviewed different mineral biofortification research activities 
in various crops. They highlighted the potential of agronomic as well as the genetic 
biofortication to improve the availability of seven mineral traits in human diet, namely, iron (Fe), 
zinc (Zn), copper (Cu), calcium (Ca), magnesium (Mg), iodine (I) and selenium (Se) (White and 
Broadley 2009). 
The development of biofortified crop varieties, particularly nutrient rich food legumes, 
would have a positive impact in alleviating mineral malnutrition in Asian and African nations.  
Lentil (Lens culinaris Medik.) is a popular pulse crop, grown and consumed throughout the 
world. Lens is a small genus belonging to the Fabaceae family of the Viciae tribe. The genus 
contains one cultivated species (L. culinaris subsp. culinaris) with three subspecies (L. culinaris 
subsp. culinaris, L. culinaris subsp. orientalis, and L. culinaris subsp. tomentosus) and three wild 
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species (L. ervoides, L. nigricans, and L. lamottei) (Ferguson et al. 2000).  Lentil is a potential 
candidate for mineral biofortification as its nutritional profile is rich in Fe, Zn, and Se 
(Thavarajah et al. 2011; USDA National Nutrient Database 2015).  Identification of mineral 
dense lentil genotypes is a priority for biofortification research. Karaköy et al. (2012) evaluated 
mineral concentration of a set of Turkish landraces and cultivated genotypes of lentil and 
reported considerable genetic variability for Fe, Zn, Cu, Ca, and Mg concentrations. Alghamdi et 
al. (2014) evaluated 35 advanced ICARDA breeding lines in Saudi Arabia under one field 
location over two seasons and reported significant variation for Fe, Zn, Cu, Ca, Mg, phosphorus 
(P), potassium (K), and manganese (Mn) concentrations. However, there is limited information 
regarding the variation in mineral concentrations among the subspecies of L. culinaris and the 
wild relatives. If high mineral concentrations exist in the subspecies or wild relatives, 
interspecific hybridization could be used to introgress improved nutritional quality into 
cultivated lentil (Ladizinsky 1985). The Lens subspecies and wild relatives are in use in breeding 
programs as sources of novel traits such as disease resistance not found in the cultivated lentil 
(Fiala et al. 2009). Lentil and its wild relatives should be evaluated to determine the variability 
for mineral concentrations and to identify potential candidate donors. The objectives of this study 
were to: (a) determine the mineral concentrations of 26 Lens genotypes grown under greenhouse 
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Materials and methods 
Materials 
Chemicals 
Chemical reagents and standards used for mineral digestion and analytical determinations 
were purchased from Alfa Aesar, VWR International and Sigma–Aldrich Co. (St. Louis, MO, 
USA) and used without further purification. Water (distilled and deionized; ddH2O) was purified 
by a Milli-Q Water System (Millipore, Milford, MA, USA) to a resistance of 18.2 MΩ or 
greater. 
Plant materials 
The experimental genotypes included 12 L. culinaris subsp. culinaris, 4 L. culinaris 
subsp. orientalis, 3 L. culinaris subsp. tomentosus, 1 L. culinaris subsp. odemensis, 1 L. 
ervoides, 3 L. lamottei and 2 L. nigricans genotypes (Table 4.1). This set of genotypes was 
selected as it represents different market classes of cultivated lentil as well as the subspecies of 
L. culinaris and the wild relatives. The seeds were obtained from the USDA-ARS Grain Legume 
Genetics and Physiology Research Unit, WSU, Pullman, Washington, USA and maintained as 
single plant selections in the former Pulse Quality Laboratory, NDSU, Fargo, ND, USA. 
Greenhouse experiment 
Ten surface sterilized seeds from each lentil genotype were placed in sterile petri dishes 
with absorbent filter paper saturated with Millipore filtered water. The petri dishes were placed 
in the dark at room temperature (22°C). Every second day, the absorbent paper was saturated 
with 2-3 mL of Millipore water. Plastic pots (15.25cm) were filled with approximately 300 g of a 
peat- perlite-vermiculite mixture (Sunshine Grow Mix Number 1, Sun Gro Horticulture Canada  
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Table 4.1. Brief description of 26 genotypes analyzed for five micronutrients. 
Species Genotype/accession Remark 
L. culinaris subsp. culinaris CDC Redberry small red cultivated type 
L. culinaris subsp. culinaris CDC Rosetown extra small red cultivated type 
L. culinaris subsp. culinaris CDC Rouleau small red cultivated type 
L. culinaris subsp. culinaris CDC LeMay small french green cultivated type 
L. culinaris subsp. culinaris CDC Red Rider medium red cultivated type 
L. culinaris subsp. culinaris CDC Greenland large green cultivated type 
L. culinaris subsp. culinaris Barimasur-2 small red cultivated type 
L. culinaris subsp. culinaris Barimasur-3 small red cultivated type 
L. culinaris subsp. culinaris Barimasur-4 small red cultivated type 
L. culinaris subsp. culinaris Riveland large green cultivated type 
L. culinaris subsp. culinaris Eston small green cultivated type 
L. culinaris subsp. culinaris Pennell large green cultivated type 
L. culinaris subsp. orientalis   IG72594 small seeded wild type 
L. culinaris subsp. orientalis IG72603 small seeded wild type 
L. culinaris subsp. orientalis IG72618 small seeded wild type 
L. culinaris subsp. orientalis IG72896 small seeded wild type 
L. culinaris subsp. tomentosus  IG72830 small seeded wild type 
L. culinaris subsp. tomentosus  IG72614 small seeded wild type 
L. culinaris subsp. tomentosus  IG72616 small seeded wild type 
L. culinaris subsp. odemensiss  IG72688 small seeded wild type 
L. ervoides  IG72815 small seeded wild type 
L. lamottei  IG110810 small seeded wild type 
L. lamottei  IG110812 small seeded wild type 
L. lamottei  IG110813 small seeded wild type 
L. nigricans  IG72548 small seeded wild type 
L. nigricans  IG72549 small seeded wild type 
 
 
Inc., ON, Canada) and saturated with deionized water. The pots were allowed to drain overnight, 
and then the weight of each pot recorded. At seeding, three germinated seeds of each lentil 
genotype were sown in pots at 70% field capacity. A total of 78 pots were seeded: three 
replicates of the 26 genotypes with randomization among the pots following a complete 
randomized design.  Greenhouse conditions were as follows: day/night temperatures of 22 °C/ 16 
°C; photosynthetically active radiation levels of 300 µmol m-2·s-1 using a 16 h photoperiod 
beginning at 0600 local time, and 50-60% relative humidity.Pots were watered to approximately 
70% of free draining moisture concentration every day and 250 mL of nutrient solution were 
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added to all pots every two weeks. Nutrient concentrations of the all-purpose Plants-Prod 20-20-
20 Classic fertilizer solution (Plant Products Co. Ltd., Brampton, ON, Canada) were 20% total 
N, 20% total P, 20% soluble K, 0.02% B, 0.05% chelated Cu, 0.1% chelated Fe, 0.05% Mo, 
0.05% Zn, and 1% EDTA. Plants were thinned to two per pot after one week. Plants were 
harvested at physiological maturity and threshed individually.  Seeds were ground using a 
stainless steel coffee grinder to obtain fine quality flour. 
Mineral concentration 
Mineral (Fe, Zn, Cu, Ca, Mg) concentrations in lentil seeds were determined using a 
previously described modified HNO3-H2O2 method (Alcok et al. 1987; Thavarajah et al. 2009). 
Finely ground seed samples (500 mg) were placed in individual digestion tubes.  Six mL of 
concentrated (70%) nitric acid (HNO3) was added to each digestion tube.  The digestion tubes 
were placed in a 90 °C digestion block for one hour and they were shaken at 15 and 45 minutes. 
Three mL of 30% w/w hydrogen peroxide (H2O2) was then added to each tube. The tubes were 
kept for 15 m at 90 °C temperature. Finally, 3 mL of 6 M hydrochloric acid (HCl) was added to 
each digestion tube, and the tubes were kept in the digestion block for 5 minutes. Upon complete 
digestion (the time required for complete digestion was determined in earlier laboratory 
experiments, the complete digestion is indicated by the discontinuation of brown smoke coming 
out from the digestion tube), the tubes were removed from the digestion block, the volume was 
adjusted to 10 mL, and then filtered (Whatman No. 1 filter papers) using a vacuum system 
(Gardener Denver Thomas Inc., Welch Vacuum Technologies, LA, USA).  Mineral 
concentrations of the filtrates were measured using inductively coupled plasma-optical emission 
spectroscopy (ICP-OES); ICP-6500 Duo, Thermo Fisher Scientific, Pittsburg, PA, USA). Plasma 
settings of the ICP were, flush pump rate-75 rpm, analysis pump rate- 50 rpm, pump stabilization 
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time- 5 s, pump tubing type- orange/white tygon. Source setting of the ICP were, RF powar- 
1150, auxillary gas flow- 1 litre/min, nebulizer gas flow- 0.7 litre/min. Sample flush time of the 
ICP was 10 s with 3 repeats and plasma view was in autoview mode. Measurements of total 
minerals were validated using National Institute of Standards and Technology (NIST) standard 
reference material (SRM) 1576a (wheat flour; [Fe]=14.11±0.13 mg kg-1, [Zn]=11.61±0.26 mg 
kg-1, [Ca]=191.4±3.3 mg kg-1, [Mg]=398±12 mg kg-1, [Cu]=2.03±0.14 mg kg-1). Calibration 
curves for Fe, Zn, and Cu concentration were made using serial dilutions from 0.5 to 50.0 mg L-
1. The detection limit was 5 µg L-1. Calibration curves for Ca and Mg concentration were made 
using serial dilutions from 10 to 500 mg L-1.  
Statistical analysis 
The experimental design was a completely randomized design (CRD) with three 
replicates of 26 Lens genotypes (n=78). Analysis of variance was performed using the General 
Linear Model (PROC GLM) of SAS version 9.3 (SAS Institute, 2009). Means were separated 
using Fisher’s protected least significant difference (LSD) at P < 0.05. Lentil mineral 
concentrations were subjected to dissimilarity coefficient analysis using NTSYSpc ver. 2.2 
(Rohlf 2009). Cluster analysis following an unweighted pair group method with arithmetic 
average (UPGMA) based on a dissimilarity matrix data was performed using NTSYSpc ver. 2.2. 
A dendrogram was developed using cluster analysis. 
Results 
Mean Fe concentration was 61 mg kg-1 across all 26 lentil genotypes tested (Table 4.2). 
Among the 20 L. culinaris genotypes, Fe concentration ranged from 26 (IG72830) to 92 mg kg-1 
(CDC Red Rider) with a mean of 58 mg kg-1. CDC Redberry and CDC Red Rider had a 
significantly higher concentration of Fe compared to other tested genotypes. Fe concentration 
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was significantly lower in the genotypes belonging to different L. culinaris subspecies (L. 
culinaris subsp. culinaris, L. culinaris subsp. orientalis, and L. culinaris subsp. tomentosus) than 
in improved cultivars or breeding lines (L. culinaris subsp. culinaris).  L. lamottei genotype 
IG110810 had a significantly higher concentration (80 mg kg-1) of Fe compared to other non-
culinaris wild types. All the non-culinaris wild type genotypes differed significantly in terms of 
Fe concentration except IG110812 (L. lamottei) and IG72815 (L. ervoides). Notably, CDC bred 
cultivars had significantly higher Fe concentrations than the Barimasur series, with the exception 
of Eston. Percent recommended daily allowance (RDA) of Fe for the genotypes evaluated ranged 
from 14-51% per serving.   
For the 26 lentil genotypes evaluated, the mean Zn concentration was 33 mg kg-1 (Table 
4.2). Zn concentration ranged from 17 (IG72830) to 51 mg kg-1 (CDC Rosetown) among the 20 
L. culinaris genotypes with a mean of 32 mg kg-1 (Table 4.2). Within L. culinaris subsp. 
culinaris genotypes CDC Rosetown (51 mg kg-1) had a significantly higher concentration of Zn 
compared to other genotypes. Among the other subspecies (L. culinaris subsp. culinaris, L. 
culinaris subsp. orientalis, and L. culinaris subsp. tomentosus) IG72614 (43 mg kg-1) had a 
significantly higher concentration of Zn compared to other genotypes. All the non-culinaris wild 
type genotypes differed significantly in terms of Zn concentration. Means within a column 
followed by different letters are significantly different at P< 0.05 (n = 78), Percent RDA values 
were calculated with daily requirement of 18 mg of Fe and 8 mg of Zn (females, age 19+ years) 
(Otten et al. 2006). Percent RDAs were calculated based on the serving size of 100 g of dry  
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Table 4.2. Mean iron (Fe) and zinc (Zn) concentrations for 26 genotypes and the fraction of 
the recommended daily allowance (RDA) that each genotype would supply based on 100 g 
serving size. 
Genotype 






CDC Redberry 91 a 51 37 c,d 46  
CDC Rosetown 82 a,b,c 46 51 a 64  
CDC Rouleau 71 a,b,c,d,e 39 46 a,b 58  
CDC LeMay 68 b,c,d,e,f 38 31 d,e,f,g,h 39  
CDC Red Rider 92 a 51 45 a,b 56  
CDC Greenland 64 c,d,e, f,g, 36 43 b,c 54  
Barimasur-2 52 e,f,g,h,i,j 29 33 d,e,f,g 41  
Barimasur-3 46 f,g,i,j,k,h 26 31 d,e,f,g,h 39  
Barimasur-4 36 i,j,k 20 25 h,i,j 31  
Riveland 62 c,d,e,f,g,h 34 30 e,f,g,h,i 38  
Eston 39 h,i,j,k 22 17 k 21 
Pennell 87 a,b 48 36 c,d,e 45  
IG72594 54 e,f,g,h,i 30 33 d,e,f 41  
IG72603 34 j,k 19 18 k 23  
IG72830 26 k 14 17 k 21  
IG72688 36 i,j,k 20 22 j,k 28  
IG72614 58 d,e,f,g,h 32 43 b,c 54  
IG72616 61 c,d,e,f,g,h 34 36 c,d,e 45  
IG72618 43 g,h,i,j,k 24 24 i.j.k 30  
IG72896 67 b,c,d,e,f 37 26 g,h,i,j 33  
IG110810 80 a,b,c,d 44 26 f,g,h,i,j 33  
IG110812 64 b,c,d,e,f,g 36 40 b,c 50  
IG110813 70 a,b,c,d,e 39 31 b,c 39  
IG72548 60 c,d,e,f,g 33 28 f,g,h,i,j 35 
IG72549 71 a,b,c,d,e 39 33 d,e,f 41 
IG72815 65  b,c,d,e,f,g 36 37 c,d,e 46 
Mean 61 39 33 41 
SE 2.4  1.1  
Range 26-92 14-51 17-51 21-64 
 
 
lentil. Among the non-culinaris wild types, IG110812 (40 mg kg-1) had significantly higher 
concentration of Zn. There was no significant difference for zinc concentration between CDC  
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cultivars and Barimasur series. Each serving of lentil accounts for 21-64% of RDA of Zn (8 mg) 
(Otten et al. 2006).  
The mean Cu concentration across all lentil genotypes was 6 mg kg-1 (Table 4.3). Cu 
concentration among the 20 L. culinaris genotypes ranged from 2.6 (IG72688) to 12.0 mg kg-1 
(CDC Rosetown) with a mean of 6 mg kg-1. Within L. culinaris subsp. culinaris genotypes, CDC 
Rosetown (12 mg kg-1) had significantly higher concentration of Cu compared to other  
genotypes. Among the other subspecies (L. culinaris subsp. culinaris, L. culinaris subsp. 
orientalis, and L. culinaris subsp. tomentosus), genotypes belonging to tomentosus subspecies,  
IG72614 (12 mg kg-1) and IG72616 (12 mg kg-1) had significantly higher concentration of Cu 
than other genotypes. Among the non-culinaris wild type genotypes IG110812 (6 mg kg-1) and 
IG72815 (6 mg kg-1) recorded significantly higher concentration of Cu. CDC cultivars had 
significantly higher Cu concentrations than the Barimasur series (except Eston, 4 mg kg-1). 
Tested lentil genotypes have the potential to meet 22-133% of the Cu RDA (0.9 mg) (Otten et 
al., 2006) per serving. 
Among all evaluated lentil genotypes, the mean Ca concentration was 339 mg kg-1 (Table 
4.3). Mean Ca concentration among the 20 L. culinaris genotypes was 323 mg kg-1, with the 
lowest concentration in Eston (97 mg kg-1) and the highest in Pennell (536 mg kg-1). Within L. 
culinaris subsp. culinaris genotypes, Pennell (536 mg kg-1) had significantly higher 
concentration of Ca compared to other genotypes. Genotype from the orientalis subspecies 
[IG72594 (534 mg kg-1)] had a significantly higher concentration of Ca than other genotypes. 
Among the non-culinaris wild type genotypes belonging to L. nigricans, IG72548 (508 mg kg-1) 
and IG72549 (590 mg kg-1), had a significantly higher concentration of Ca. There was no  
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Table 4.3. Mean copper (Cu), calcium (Ca) and magnesium (Mg) concentration  of 26 
genotypes and for 26 genotypes and the fraction of the recommended daily allowance 











CDC Redberry 10 b 111 323 b,c,d,e 3 272 l 9 
CDC Rosetown 12.0 a 133 257 e,f 3 423 j,k,l 14 
CDC Rouleau 9.0 b,c,d 100 318 b,c,d,e 3 556 h,i,j 18 
CDC LeMay 7 d,e,f 78 409 b 4 842 a,b,c 27 
CDC Red Rider 10 b 111 361 b,c 4 656 d,e,f,g,h,i 21 
CDC Greenland 9.0 b,c,d 100 205 f,g 2 610 f,g,h,i 20 
Barimasur-2 4.0 g,h,i,j 44 337 b,c,d,e 3 697 c,d,e,f,g,h,i 22 
Barimasur-3 4.0i,j,k 44 314 b,c,d,e 3 707 b,c,d,e,f,g,h 23 
Barimasur-4 6.0 f,g,h,i 67 344 b,c,d,e 3 662 d,e,f,g,h,i 21 
Riveland 8.0 b,c,d 89 355 b,c,d 4 537 1i,j 17 
Eston 4.0 g,h,i,j 44 97 h 1 331 1k,l 11 
Pennell 7.0 d,e,f 78 536 a 5 892 a 29 
IG72594 3.0 j,k 33 534 a 5 584 g,h,i,j 19 
IG72603 3.0 j,k 33 313 b,c,d,e 3 581 g,h,i,j 19 
IG72830 4.0 j,k 44 112 g,h 1 375 1k,l 12 
IG72688 3.0 j,k 33 352 b,c,d,e 4 643 e,f,g,h,i 21 
IG72614 6.0 e,f 67 304 c,d,e 3 807 a,b,c,d 26 
IG72616 6.0 e,f,g 67 341 b,c,d,e 3 865 a,b 28 
IG72618 4.0 h,i,j 44 264 d,e,f 3 540 i,j 17 
IG72896 3.0 j,k 33 368 b,c 4 732 a,b,c,d,e,f,g 24 
IG110810 2.0 k 22 357 b,c,d 4 754 a,b,c,d,e,f 24 
IG110812 6.0e,f,g,h 67 311 c,d,e 3 789 a,b,c,d,e 25 
IG110813 5.0 e,f 56 434 c,d,e 4 839 a,b,c,d 27 
IG72548 4.0 i,j,k 44 508 a 5 738 a,b,c,d,e,f,g 24 
IG72549 3.0 j,k 33 590 a 6 445 j,k 14 
IG72815 6.0 e,f 67 292 c,d,e,f 3 756 a,b,c,d,e,f 24 
Mean 6 67 339 3 638 21 
SE 0.3  14  21  
Range 2-12 22-133 97-590         1-6 272-892 9-29 
Means within a column followed by different letters are significantly different at P< 0.05 (n = 
78), Percent RDA were calculated with daily requirement of 900 µg for Cu, 1000 mg for Ca, and 
310 mg for Mg (females, age 19+) (Otten et al. 2006). Percent RDAs were calculated based on 
the serving size of 100 g of dry lentil. For Ca, Adequate Intake (AI) values are available, not the 
RDA (Otten et al. 2006). 
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significant difference for Ca concentration between the CDC cultivars and the Barimasur series. 
Percent RDA (1000 mg) of Ca (Otten et al 2006) ranged from 1-6% per serving.  
The mean Mg concentration among all tested lentil genotypes was 638 mg kg-1 (Table 
4.3). Magnesium concentration ranged between 272 (CDC Redberry) and 892 mg kg-1 (Pennell) 
among the 20 L. culinaris genotypes, with a mean of 616 mg kg-1. Pennell had the highest Mg 
concentration of all L. culinaris subsp. culinaris genotypes tested. Within L. culinaris subsp. 
culinaris genotypes, Pennell (892 mg kg-1) had a significantly higher concentration of Mg 
compared to other genotypes. Genotypes from the tomentosus subspecies [IG72614 (807 mg kg-
1) and IG72616 (865 mg kg-1)] had a significantly higher concentration of Mg than other 
genotypes. Genotypes belonging to  L. lamottei, IG110813 (839 mg kg-1) had a significantly 
higher concentration of Mg compared to other genotypes. The Barimasur series did not 
significantly differ in Mg concentration from the CDC cultivars. Percent RDA (310 mg) of Mg 
(Otten et al 2006) ranged from 9-29% per serving. 
Cluster analysis based on the mineral concentrations 
Based on the cluster analysis, five groups were formed (Fig. 4.1). Cluster I consisted of 
only one genotype, CDC Redberry, which had a unique mineral profile. Cluster II contained two 
genotypes, Eston and IG72830. The genotypes constituting Cluster III were: CDC Rosetown, 
CDC Rouleau, CDC Greenland, Riveland, IG72603, and IG72618. The largest cluster, Cluster 
IV, consisted of CDC LeMay, CDC Red Rider, Pennell, IG72548, Barimasur-2, Barimasur-3, 
Barimasur-4, IG72614, IG72616, IG72688, IG110810, IG110812, IG110813, IG72815, 
IG72896. Cluster V contained two genotypes, IG72594 and IG72549. 
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Discussion 
Lentil is a cool season food legume with a narrow genetic base, therefore genetic 
variability for individual traits is generally low (Eujayl et al. 1998). This was shown for recently 
improved lentil cultivars with similar or identical pedigrees (Kumar et al. 2004). Interspecific 
hybridization, either directly between cross compatible species or indirectly between cross-
incompatible species using a bridge species, can be used in the genetic improvement of lentils 
(Kumar et al. 2011). This technique is utilized when a desirable characteristic is present in 
another related or crossable species (Tullu et al. 2011).
 
Fig. 4.1. Dendrogram based on mineral concentrations of 26 Lens genotypes following 
unweighted pair group mean average method. Five clusters were formed based on mineral 
concentrations (Fe, Zn, Cu, Ca and Mg) of the 26 genotypes. 
   
Biofortification for mineral traits is a priority research area in food legumes (including 
lentil) (Grusak 2009; Thavarajah et al. 2009, 2011; Johnson et al. 2013; Iqbal et al. 2006; Hunt 
2003). Development of genotypes with higher concentrations of mineral nutrients is important to 
allow lower quantities of lentil would to be consumed to meet the recommended daily allowance 
(USDA National Nutrient Database 2015). Thus, lower intake requirements are important from a 
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practical as well as economic point of view. Wild species and subspecies of a genus are usually a 
poor source for mineral traits, however, crossing two different species or subspecies may 
generate transgressive segregants due to accumulation of additive genes. The selection of 
genotypes based on concentration of micronutrients (Fe, Zn, Cu, Ca, Mg) (Tables 4.2 and 4.3) 
could be utilized to develop intraspecific or interspecific mapping populations. While making 
interspecific crosses the cross-compatibility has to be taken into consideration. The primary gene 
pool members are easily cross-compatible (Lens culinaris subsp. culinaris, Lens culinaris subsp. 
odemensis, Lens culinaris subsp. orientalis, Lens culinaris subsp. tomentosus) (Ferguson et al. 
2000). Crossing between primary and secondary/tertiary gene pools members (L. ervoides, L. 
lamottei, L. nigricans) may not be successful or require use of tissue culture based techniques 
like embryo rescue or use of bridge species in making crosses (Ferguson et al. 2000). 
In the present study, significant variation in mineral (Fe, Zn, Cu, Ca, Mg) concentration 
was observed. Similarly, Karaköy et al. (2012) studied the mineral status of Turkish lentil 
landraces and cultivars in lentil and reported Fe concentration from 49.4 to 81.4 mg kg-1.  The 
concentrations reported for Zn, Cu, Ca, and Mg were 46.9-73.1 mg kg-1, 9.1-16.9 mg kg-1, 480-
1280 mg kg-1 and 850-1260 mg kg-1, respectively. Similarly, Solanki et al. (1999) evaluated 
improved lentil cultivars in India and reported Fe and Ca concentration from 80 to 92 (mg kg-1), 
and 1150 to 1650 (mg kg-1), respectively. The Ca concentrations Solanki et al. (1999) reported 
were higher than those from the present study, possibly due to the genotypic differences in 
Indian lentil cultivars and or different soil conditions. Thavarajah et al. (2009) reported Fe and 
Zn concentrations in the range of 73-90 and 44-54 mg kg-1, respectively, in a set of lentil 
cultivars  grown in 9 locations in Saskatchewan, Canada over 2 years. The present study 
demonstrated more variation for these two micronutrients, which is attributed to the inclusion of 
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related species in addition to L. culinaris. Zia-Ul-Haq et al. (2011) evaluated four improved lentil 
cultivars in Pakistan for different micronutrients and  reported that Fe, Zn, Cu, and Ca 
concentration ranged from 27-32, 39-44, 89-99, and 1180-1210 (mg kg-1), respectively. In a 
study comparing micronutrient concentrations in different legumes, Iqbal et al. (2006) found that 
Fe, Zn, Cu, Ca and Mg concentration was 31, 44, 99, 1200, and 45 (mg kg-1), respectively, in 
lentil. In these studies, the reported Fe concentration was low and the Ca and Cu concentrations 
were high compared to the concentrations observed in the present study. The differences may be 
due to the fact that seeds were not from the single uniform trials, as no information is available 
from these reports with regard to how plants were grown in the field or greenhouse. In addition, 
differences might be due to their use of less sensitive or accurate flame/graphite atomic 
absorption spectrophotometer (AAS) instrument, compared to the more sensitive ICP-OES, to 
determine micronutrients. AAS is more vulnerable to physical and chemical interferences 
compared to ICP-OES. Alghamdi et al. (2014) studied 35 advanced breeding lines of cultivated 
lentil in Saudi Arabia from a field trial over two years and reported concentrations for Mg (1261-
1573 mg kg-1), Ca (64.9-84 mg kg-1), Fe (65.7- 85.7 mg kg-1), Zn (26.3 -45.1 mg kg-1), and Cu 
(8.6 -13.7 mg kg-1). This corresponds closely to the concentrations of Fe, Zn, and Cu but not for 
Mg and Ca concentration reported in the present study. 
Cluster analysis grouped the genotypes into five groups. CDC Redberry, the sole member 
of Cluster I, has a unique mineral profile with high Fe, low Zn, high Ca, moderately high Cu and 
low Mg concentrations compared to the other genotypes. For the other clusters the grouping of 
genotypes based on their mineral concentrations parallels their taxonomic designations (Table 
4.1).  
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The Food and Nutrition Board of the Institute of Medicine, USA established percent 
recommended daily allowance (RDA) for the minerals (Otten et al., 2006). The RDA is the 
average recommended daily level of intake of a particular nutrient that is sufficient to meet the 
nutrient requirements of nearly all (97-98%) healthy people (Otten et al. 2006).  The values vary 
by age and gender and in this study, the RDA used for calculations are for females, 19 to 50 
years old. This class of individuals was chosen because for most of the minerals daily intake 
requirements were higher compared to other age groups. Percent RDA values were calculated 
based on a 100 g serving size of dry lentils for each of the minerals (Otten et al. 2006). A 
considerable proportion (for Fe 14-51%, for Zn 21-64%, for Cu 22-133%, for Mg 9-29%) of 
RDA for minerals would be obtained from consuming 100 g of dry lentils (Table 4.2 and  4.3) 
which is similar to data reported in previous studies (Thavarajah et al. 2009, 2011). Percent RDA 
of Ca was only 1-6% in the case of tested lentil genotypes which indicates lentil as not a good 
source to meet the daily requirements of Ca. Developing lentil varieties with high concentrations 
of Fe and Zn would be especially beneficial for those parts of the world (Asian and African 
countries) where 40-45% of school-age children are Fe- and Zn-deficient (de Benoist et al. 
2008). 
Lentils are an integral part of diets in many countries in Asia, including Bangladesh, 
Nepal, India, and Pakistan. People living in these areas are affected with mineral deficiencies, 
particularly iron deficiency. Biofortification of minerals in lentil will have a positive impact on 
maternal and child health in these mineral deficient areas. Cluster analysis based on the overall 
mineral profile grouped the tested genotypes into five clusters that corresponded to their genetic 
relatedness.  None of the groups had high concentrations of all the minerals (Fe, Zn, Cu, Ca and 
Mg). This information could be of potential use for intra- or interspecific hybridization in lentil 
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for quality traits. While this study is not exhaustive, it may serve as a caution for potential 
linkage drag on seed mineral nutrient concentration when introgressing a desired trait, e.g. 
disease resistance from the Lens subspecies or wild relatives into current cultivars. Utilization of 
different genotypes with very high and very low mineral concentrations identified may result in 
the generation of mapping populations that could be used for mapping gene(s) or QTL(s) 
controlling these micronutrients in lentil. Genomic approaches (Kaur et al. 2011; Verma et al. 
2013; Sharpe et al. 2013; Wong et al. 2015) could be used to map or tag genes involved for these 
mineral traits in lentil and for precision introgression of novel traits from the Lens species and 
wild relatives. 
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CHAPTER 5. GENETIC DIVERSITY ANALYSIS OF CULTIVATED AND 
WILD LENTIL SPECIES 
Abstract 
Lentil (Lens culinaris Medikus) is an important food legume grown extensively 
throughout the world. This study investigated the genetic relatedness of 29 Lens genotypes using 
simple sequence repeat (SSR) marker-based genotyping. Tissue samples were collected from 
two-week old seedlings. Twenty-nine Lens genotypes were fingerprinted with 39 SSR markers. 
Thirteen markers were polymorphic among the test genotypes. Thirteen SSRs grouped the 29 
Lens genotypes, based on their genetic relatedness, into four clusters. Jaccard similarity 
coefficients ranged between 0.31-0.72. Polymorphic information contents ranged from 0.18-0.64 
and average number of alleles amplified per marker was three. Percent variability explained by 
individual principal components indicated significant diversity. This study demonstrated genetic 
relatedness among different species of Lens.  
Introduction 
Lentil (Lens culinaris Medik.) is a popular food legume consumed heavily in India, 
Bangladesh, Nepal and many other parts of the world. With the recent trend of gluten-free food 
products and healthy diet charts, lentil is being introduced extensively to restaurant menus in 
many parts of the world. Lentil is a high protein, mineral, vitamin, and energy crop with many 
nutritional benefits (Thavarajah et al. 2011; Sen Gupta et al. 2013). Lentil is mainly grown in 
Canada, India, Australia, Turkey, USA, Bangladesh, Syria, Iran, Ethiopia and Nepal. Initially, 
only small to medium sized ‘Persian’ types were introduced for cultivation in the USA where the 
primary production areas are Montana, North Dakota, Idaho and Washington. In 2014-15, US 
grown lentils were expoted to India (33%), Spain (14%), Peru (5%), Mexico (5%), Canada (4%), 
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other latin-American (<10%) and South-Asian countries (<10%) and the Middle East (<10%) 
(USDA Economic Research Service Database 2015). USA produced 0.23 MT with average 
production of 1621 kg/ha (FAOSTAT 2013). The world production of lentil was 4.95 MT with 
average yields of 1139 kg/ha (FAOSTAT 2013).  
Lentil (Lens culinaris Medik.) is a member of the leguminosae family, and was derived 
from the wild progenitor species Lens culinaris subsp. orientalis (Ferguson et al. 2000). Lens is 
comprised of only one cultivated species (Medik.) and several wild species or subspecies, 
including L. ervoides, L. nigricans, L. lamottei, L. culinaris subsp. orientalis, and L. culinaris 
subsp. tomentosus (Ferguson et al. 2000).  
Molecular markers are useful to assess genetic diversity in crop species including the 
food legumes (Udupa et al. 1999; Reddy et al. 2010). Transcriptome sequencing or marker 
transferability have generated hundreds of markers in lentil, however, availability of 
polymorphic SSR markers and their use in the assessment of genetic diversity is still limited in 
lentil compared to other food legumes such as chickpea and pigeonpea (Hamwieh et 
al. 2005, 2009; Kaur et al. 2011, 2014; Datta et al. 2011; Verma et al. 2014). Hamweigh et al. 
(2009) developed 14 microsatellite markers from a genomic library developed in lentil genotype 
ILL5588. Kaur et al (2011) validated a set of 166 EST-SSR markers among which 79 were 
polymorphic. Kaur et al. (2014) reported polymorphic 61 SSRs and 264 SNPs after testing 546 
SSRs and 768 SNPs in lentil.  
In another study, twenty-three primer pairs showed polymorphism in a set of 24 
genotypes comprising lentil, Glycine, Medicago and Vigna genotypes (Verma et al. 2013). 
Verma et al. (2014) developed EST-SSRs by transcriptome sequencing and validated 33 
polymorphic EST-SSRs among 46 lentil and other food legume genotypes. Recently, Andeden et 
  76  
 
al. (2015) developed 78 polymorphic SSR markers in lentil. The objective of the current 
experiment was to assess population structure of 29 genotypes across multiple Lens species using 
SSR markers. 
Materials and methods 
Plant materials 
Twenty-nine Lens genotypes were used [CDC Maxim, CDC Rouleau, Barimasur-4 
(Sarker et al. 1999), CDC LeMay, CDC Viceroy, Eston, WA8649090 (Kahraman et al 2004a), 
CDC Rosetown, PI 572359, CDC Richlea, CDC Redberry(Vandenberg et al. 2006), PI 320937, 
Precoz (Kahraman et al 2004b), CDC Greenland, Pennell (Muehlbauer and McPhee 2004), 
Riveland (McPhee and Muehlbauer 2009), CDC Red Rider,  IG 72618, IG 72688, IG 72549, IG 
72603, IG 72830, IG 72594, IG 110813, IG 72614, IG 110812, IG 110810, IG 72616, and IG 
72896] (Table 5.1). The seed materials were obtained from the former Pulse Quality and 
Nutrition Laboratory of North Dakota State University (NDSU), Fargo, North Dakota, USA and 
the Grain Legume Genetics and Physiology Research Unit, USDA-ARS, WSU, Pullman, 
Washington, USA. 
Genotyping of plant materials 
Plant tissue samples were collected from two week old seedlings of individual genotypes. 
DNA extraction was carried out using a DNeasy® Plant Mini Kit (Qiagen, Valencia, CA, USA), 
and DNA concentrations were quantified using a Nanodrop 2000c spectrophotometer 
(Nanodrop, Wilmington, DE, USA). The extracted DNA samples were diluted to a uniform 
concentration of 20 µg/µL for subsequent polymerase chain reaction (PCR) amplification.  
Thirty-nine SSR primer pairs (Table A1) developed by genome or transcriptome sequencing of 
Medicago (Medicago truncatula Gaertn.) and/or lentil (Gupta et al. 2012; Kaur et al. 2011) were 
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synthesized by Integrated DNA Technologies (Coralville, IA, USA). The PCR reactions (25 µL 
volume) were conducted in an ABI 7500 (Applied Biosystems, Foster, CA, USA) thermocycler.  
Each reaction contained 2.5 µL Taq buffer (Sigma, USA), 1.5 µL MgCl2 (25 mM) (Sigma, 
USA), 0.20 mM of each dNTP (Sigma, USA), 0.50 mM of each primer (IDT, USA), 0.25 µL 
Hot Start Taq polymerase (Sigma, USA), and 20 ng of template DNA. Touchdown PCR 
conditions were 95 °C for 10 min, followed by 10 cycles of 94 °C for 30 s, 60-50 °C for 30 s, 72 
°C for 30 s followed by 25 cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s and a final 
elongation step of 72 °C for 10 min (Kaur et al. 2011). The PCR products were resolved in 3% 
agarose gel (molecular biology grade; Sigma, USA) with bands scored using a gel 
documentation system. Polymorphism information content (PIC) values of the informative 
markers were calculated using PICcalc (Nagy et al. 2012). 
Statistical analysis 
Bands were scored for presence or absence as ‘1’ and ‘0’, respectively. The binary data 
matrix was subjected to statistical analysis using NTSYS version 2.21q software (Rolhf 2009) 
following the UPGMA (Un-weighted Pair Group Method with Arithmetic Mean). Principal 
component analysis (PCA) using NTSYS ver. 2.21q was performed to determine the percent 
variation explained by individual components. 





Table 5.1. Description of Lens genotypes used for genotyping with 39 SSR markers. 
 
Genotype Species  Pedigree description General  description Reference 
CDC Redberry Lens culinaris Medik. 
subsp. culinaris . 
Cross between 1049F3 / 819-5R. 
Line 1049F3 was derived from 
the cross 567-16/545-8. Line 
819-5R was derived from the 
cross 86-360/(458-258G(458-
122/C8L27-RC//Precoz)F2)F1.  
Improved cultivar maintained 
by Crop Development Centre, 




CDC Rosetown L. culinaris Medik. 
subsp. culinaris 
Not available in public domain do  
CDC Richlea L. culinaris Medik. 
subsp. culinaris 
Derived from a selection from 
the cross Laird/PI 179310. 
do Tahir et al. 
2011 




Not available in public domain do  
CDC LeMay L. culinaris Medik. 
subsp. culinaris 
CDC LeMay was selected from 
an F2 derived family originating 
from Cross 983 between PI 
486128 and FVR9Y-11. PI 
486128 is the French cultivar Du 
Puy and FVR9Y-11 is a high-
yielding CDC breeding line 
originally developed from the 
cross Du Puy × PI 345634. 
do Vandenberg et 
al. 2005 
CDC Red Rider L. culinaris Medik. 
subsp. culinaris 
Not available in public domain do  
CDC Maxim L. culinaris Medik. 
subsp. culinaris 
Not available in public domain do  
CDC Rouleau L. culinaris Medik. 
subsp. culinaris 
Not available in public domain  do  
     





Table 5.1. Description of Lens genotypes used for genotyping with 39 SSR markers (continued). 
 
Genotype Species  Pedigree description General  description Reference 
CDC Viceroy L. culinaris Medik. 
subsp. culinaris 
Not available in public domain do  
Riveland L. culinaris Medik. 
subsp. culinaris 
F5 selection from the cross of 
‘Laird’/ VW000412 (cross 
number X95L073). 
Improved cultivar, maintained 
by Western Regional Plant 





Pennell L. culinaris Medik. 
subsp. culinaris 






Eston L. culinaris Medik. 
subsp. culinaris 
Selection from PI 179307. This 
is an introduction from Turkey 
through the U.S. Department of 
Agriculture. 
do Slinkard and 
Bhatty 1981 




Improved cultivar in 
Bangladesh, maintained by the 
Western Regional Plant 
Introduction Station, Pullman, 
accession no PI 605356. 
Sarker et al. 
1999 
IG 72618 L. culinaris subsp. 
orientalis (Boiss.) 
Penert 
Germplasm Wild germplasm collection 






IG 72896 L. culinaris subsp. 
orientalis (Boiss.) 
Penert 
do Wild germplasm collection 







     
 





Table 5.1. Description of Lens genotypes used for genotyping with 39 SSR markers (continued). 
 
Genotype Species  Pedigree description General  description Reference 
IG 72594 L. culinaris subsp. 
orientalis (Boiss.) 
Penert 
do Wild germplasm collection 






IG 72603 L. culinaris subsp. 
orientalis (Boiss.) 
Penert 
do Wild germplasm collection 






IG 72830 L. culinaris subsp. 
tomentosus (Ladiz.) 
M.E. Ferguson et al. 
do Wild germplasm collection 






IG 72688 L. culinaris subsp. 
odemensis (Ladiz.) 
M.E. Ferguson et al. 
do Wild germplasm collection 






IG 110812 L. lamottei Czefranova do Wild germplasm collection 






IG 72614 L. culinaris subsp. 
tomentosus (Ladiz.) 
M.E. Ferguson et al. 
do Germplasm collection from 






IG 72616 L. culinaris subsp. 
tomentosus (Ladiz.) 
M.E. Ferguson et al. 
do Wild germplasm collection 






     
 





Table 5.1. Description of Lens genotypes used for genotyping with 39 SSR markers (continued). 
 
Genotype Species  Pedigree description General  description Reference 
IG 72549 L. nigricans (M. 
Bieb.) Webb & Berth 
do Wild germplasm collection 






IG 110810 L. lamottei Czefranova do Wild germplasm collection 






PI 320937 L. culinaris Medik. 
subsp. culinaris 
do Germplasm collection from 
Germany, maintained by 
Western Regional Plant 
Introduction Station, Pullman, 






WA8649090 L. culinaris Medik. 
subsp. culinaris 
Pureline selection from bulk of 8 
PI lines from Turkey (PI 370629 
- 370636, consecutively). 
Advanced breeding line, 
maintained by the Western 
Regional Plant Introduction 
Station, Pullman, USA. 
Kahraman et al 
2004a 
Precoz L. culinaris Medik. 
subsp. culinaris 
Cultivar Donated by Argentina, 
maintained by Western 
Regional Plant Introduction 
Station, Pullman, USA. 
Kahraman et al 
2004b  
IG 572359 L. nigricans (M. 
Bieb.) Webb & Berth 
do Germplasm collection from 
Turkey, maintained by Western 
Regional Plant Introduction 





IG 110813 L. lamottei Czefranova do Wild germplasm collection 










Of the 39 primers evaluated, 13 were polymorphic (Table 5.2) and the rest were 
monomorphic in 3% agarose gel. The polymorphism information content (PIC) of the 
polymorphic SSR markers ranged from 0.18 to 0.64 with an average value of 0.47. The number 
of alleles per locus ranged between 2 and 4 with an average of 3. The highest frequency of PIC 
value was observed between 0.41 and 0.50. Each SSR marker locus generated the expected band 
size with a range from 75 to 950 bp (Table A1). Out of the 13 polymorphic primers 6 amplified 
trinucleotide motifs, 1 with a tetra nucleotide motif, 1 with a penta nucleotide motif and 5 with 
dinucleotide motifs (Table 5.2).  
Cluster and PCA analysis 
The 13 polymorphic SSR markers identified 106 alleles in the 29 lentil genotypes. 
Jaccard similarity coefficient ranged between 0.31-0.72 (data not shown). The lowest similarity 
(0.31) was observed between the following pairs of genotypes: CDC Viceroy and CDC LeMay, 
WA8649090 and Eston, WA8649090 and CDC Viceroy (data not shown). The highest similarity 
(0.72) was observed between  IG72616 and CDC Rouleau (data not shown). The Un-weighted 
Pair Group Method with Arithmetic Mean (UPGMA) analysis grouped these genotypes into four 
major clusters (Fig. 5.1). PCA analysis of the SSR data resulted in clustering the 29 genotypes 
into four groups and distinct positioning of each genotype was observed within each group. The 
first three most informative components in the PCA analysis accounted for 37% (14, 12, and 
11%, respectively) of the total variation. Genotypes in Cluster I were: CDC Maxim, CDC 
Rouleau, CDC LeMay, CDC Viceroy, CDC Rosetown, CDC Greenland, CDC Richlea, CDC 
Redberry, Barimasur-4,  Eston, WA8649090, IG572359, Pennell, IG72549, IG72603, IG72688, 
  83  
 
PI320937 or ILL505, Precoz, Riveland, IG72618 and IG72830. Cluster II consisted of IG72896 
and IG72594. The genotypes in Cluster III were: CDC Red Rider, IG110810, IG110812, 
IG110813 and IG72614. Cluster IV was made of one genotype IG72616. Cluster I carried all 
cultivated types except CDC Red Rider which belonged to Cluster III. 
 
 
Fig. 5.1. Dendrogram showing genetic similarity among 29 Lens genotypes using 13 
polymorphic SSRs based genotyping data. Cluster analysis was performed following un-
weighted pair group method with arithmetic mean (UPGMA).





Table 5.2. Primer sequences of 13 polymorphic markers used in the genotyping of 29 Lens genotypes and their characteristics.  
Primer ID Forward primer (5'-3') Reverse primer (5'-3') Repeat motif Alleles PIC* 
PBA_LC_0250 TGATTGATTCGGTACTTTTTG ATGTTAATAAGCAGCAGCAAC AAC 3 0.48 
PBA_LC_0237 TGAAACCTTTTTGAAGACAAG TCCATCTTCTAGATTCTTCCA TAG 3 0.54 
PBA_LC_0278 GACGCAGAAGATTAAGGAGAC ATTCTGACCATAACCATTCCT GAT 3 0.49 
PBA_LC_0315 CTCTGAGCATCAATGAGTTTC GGCACATTACTGTATGCATTT GAG 4 0.60 
PBA_LC_0323 GAATCAGTGTTCGTGTTCAAT TTGAAGAAACCTGAAGATCAA CGCAT 4 0.64 
PBA_LC_0327 CCAAGAGCCATCAGAAATAG AGGACTATCACGAAGAAAACC GAA 4 0.62 
PBA_LC_0369 AATGAGAGATATTCTTTGATTGG GTGATAGGACTACATGGCAAA TTCA 3 0.49 
PBA_LC_0373 ATTTGGGCAACATATTCAAG ACTATACTTTCTCCCGTCGTT TCA 2 0.28 
AC146588b GGGTTCTATGCATTCTTCGC CCTCCCTCCCTCTCTCTCTC AT 3 0.45 
AC146588c CCTCCCTCCCTCTCTCTCTC CCTCCCTCCCTCTCTCTCTC AT 3 0.41 
AC148097a TTGGTGCACCGTATTTTGAG CCAGGCATCCTTTTCTTTTC AT 3 0.50 
AC148097b TTGGTGCACCGTATTTTGAG CCAGGCATCCTTTTCTTTTC AT 2 0.18 
AC152551 TCAGCTTCATCAGCCAAAGA CCAAACAGGGCCATAGACTC AT 3 0.48 
* PIC denotes polymorphic information content.  
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Discussion 
Several molecular marker systems have been used to evaluate lentil, e.g., random 
amplified polymorphic DNA (RAPD) (Abo-elwafa et al. 1995; Sharma et al. 1995; Ford et al. 
1997; Rana et al. 2007), sequence tagged microsatellites (STMS) (Rana et al. 2007; Inder et al. 
2008; Datta et al. 2011), SSR (Liu et al. 2008; Hamweigh et al. 2009; Babayeva et al. 2009; 
Reddy et al. 2010; Kaur et al. 2011, 2014; Verma et al. 2013, 2014), and inter-SSR (ISSR) and 
amplified fragment length polymorphism (AFLP) (Toklu et al. 2009). Among these, only a few 
studies (Abo-elwafa et al. 1995; Sharma et al. 1995; Hamweih et al. 2009; Reddy et al. 2010; 
Alo et al. 2011) included multiple Lens species. Clusters of genotypes is in agreement with the 
pedigree relationships (Table 5.1). Most of the L. culinaris subsp. culinaris genotypes were 
grouped together (Cluster I) (Fig. 5.1), and L. culinaris subsp. orientalis are in close proximity in 
Cluster II. Cluster III predominantly included L. lamottei genotypes along with one L. culinaris 
subsp. culinaris and one L. culinaris subsp. tomentosus genotype. Cluster IV included only one 
L. culinaris subsp. tomentosus genotype. The close proximity of L. lamottei and L. culinaris 
subsp. tomentosus genotypes are in agreement with earlier reports (Alo et al. 2011). The L. 
nigricans genotypes could not be distinguished and this is likely due to the limited number of 
polymorphic markers used. The L. nigricans genotypes clustered with L. culinaris types in 
Cluster I which does not agree with previously published relationship (Alo et al. 2011) and may 
be due to homoplasy (Cieslarová et al. 2011). The main morphological difference between L. 
culinaris and L. culinaris subsp. orientalis with L. nigricans is that of stipule shape; stipules for 
L. culinaris and L. culinaris subsp. orientalis are oblong or elliptic, lanceolate, whereas  L. 
nigricans has one stipule that is semi-hestate, entire or dentate (Barulina 1930).  Selection of 
genotypes based on genetic relatedness and phenotypic traits could be utilized to develop 
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intraspecific or interspecific mapping populations. Among the polymorphic markers, 
AC146588b, AC146588c, AC148097a, AC148097b, and AC152551 were previously mapped in 
an intraspecific lentil mapping population [cv. Northfield (ILL5588) × cv. Digger (ILL5722)]. 
Similarly, polymorphic markers; PBA_LC_0250, PBA_LC_0323, PBA_LC_0369, and 
PBA_LC_0373 were mapped in an intraspecific lentil mapping population (Cassab × ILL2024) 
that exhibits segregation for boron tolerance (Kaur et al. 2014). From the present study the allelic 
differences among the different lentil genotypes for the polymorphic loci are known now, which 
can be further utilized along with any phenotypic data for trait association with these markers. In 
summary, these polymorphic markers can be converted to functional markers for future 
pheonotypic studies.  
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CHAPTER 6. DEVELOPMENT OF A PANEL OF UNIGENE DERIVED 
POLYMORPHIC EST-SSR MARKERS IN LENTIL USING PUBLIC 
DATABASE INFORMATION 
Abstract 
Lentil (Lens culinaris Medik.) is a diploid (2n=14) with a genome size of 4063 Mbp and 
is an important cool season food legume grown worldwide. Availability of genomic resources is 
limited in this crop species. The objective of this study was to develop polymorphic markers in 
lentil using publically curated expressed sequence tags (ESTs) information. In this study, 9513 
expressed sequence tags (EST) were systematically downloaded from the National Center for 
Biotechnology Information (NCBI) database to develop unigene-based simple sequence repeat 
(SSR) markers. The ESTs were assembled into 4053 unigenes, and then analyzed to detect 373 
SSRs using the microsatellite identification tool (MISA). Among the 373 SSRs, 26 compound 
SSRs were observed. Primer pairs for these SSRs were designed using Primer3 v1.14. To 
classify the functional annotation of ESTs, and EST-SSRs, BLASTx searches (E-value, 1x10-5) 
were performed against the publicly available UniProt (www.uniprot.org) and NCBI  
(www.ncbi.nlh.nih.gov) databases. Further functional annotation was performed using the 
PLAZA comparative genomics and GO annotation was slimmed using the Plant GOSlim 
category. Among the synthesized 312 primers, 219 successfully amplified Lens DNA. A diverse 
panel of twenty-two Lens genotypes were tested to identify polymorphic markers using 219 
markers. A set of polymorphic 57 markers discriminated the Lens genotypes. This set of 
polymorphic markers with the functional annotation data are available as molecular tools to lentil 
breeding.  
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Introduction 
Lentil (Lens culinaris Medik.) is a nutritious food legume crop grown throughout the 
world. Primary production regions include, Canada, Australia, Mid-western USA, Turkey, Syria 
and the Indian subcontinent (Nepal, India, Bangladesh). Annual world production is about 4.98 
m tons (FAOSTAT 2013). USA produced 0.23 MT with average production of 1621 kg/ha 
(FAOSTAT 2013). US lentil is exported to India, Canada, Latin-America and the Middle-East. 
Small to medium seeded “Persian” type lentil were produced in USA followed by “Chilean” type 
(Yadav et al. 2007). Market classes of lentil include extra small red, small red, large red, small 
green, medium green, large green and French green. 
Lentil originated in the Fertile Crescent (south west Asia and Mediterranean region) and 
believed to be one of the earliest domesticated food crops. The cultivated lentil, Lens culinaris 
has two types, macrosperma and microsperma, based on the seed and pod characteristics, length 
of the ﬂowers, size of leaﬂets, length of vegetation and height of the plant (Barulina 1930). 
Similar to other food legumes lentil has a narrow genetic base. Realization of potential yield is 
limited due to various biotic and abiotic stresses like foliar and root diseases, high or low 
temperature, soil pH, and water logging. Optimization of crop management is also important, for 
example weed management or fertility which vary among growing environments. Breeding 
programs worldwide are working to breed for high yielding lentil cultivars with resistance to one 
or more of these stresses. Many breeding programs have implemented marker assisted breeding 
to speed up the selection process.  
Availability of molecular markers and the ease of use in large breeding programs is a 
priority for many crop species. Number of available polymorphic markers is limited in lentil; and 
may be partly due to non-availability of a full genome sequence as well as the complexity of the 
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large genome (4063 Mbp) (Arumuganathan and Earle, 1991). Hamweigh et al. (2009) developed 
14 microsatellite markers from a genomic library developed on lentil cultivar ILL5588. The 
genetic diversity index calculated based on the number of alleles amplified were reported to be 
high and markers were powerful enough to discriminate the test major groups, cultivated and 
wild types. In another study, Kaur et al. (2011) developed EST-SSR markers through 
transcriptome sequencing of lentil and validated 79 polymorphic EST-SSRs among 13 lentil 
genotypes including one L. nigricans accession. Verma et al. (2013) developed EST-SSRs 
through transcriptome sequencing of lentil genotype ‘Precoz’ (Buchwalt et al. 2004) and 
validated 54 polymorphic EST-SSRs among 22 lentil genotypes including one L. culinaris subsp. 
orientalis and two L. lamottei genotypes.  
The total number of ESTs (9513) for lentil has remained constant in the National Center 
of Biological Information (NCBI) database. Development of genomic or transcriptome libraries 
are expensive and time consuming. Researchers working in various crop species like wheat 
(Gupta et al. 2013), chickpea (Choudhary et al. 2009), pea (Gong et al. 2010), Medicago (Gupta 
and Prasad 2009) have developed polymorphic markers utilizing sequence information available 
in public databases.  
Use of genic SSR markers or EST-SSRs is more important from a breeding point of view. 
Despite recent advances in molecular marker systems like SNPs (Single Nucleotide 
Polymorphisms) or DNA array based marker systems SSRs hold promise as a breeder friendly 
marker system involving limited technical or operating difficulties. SSR markers are 
reproducible and PCR based resulting in easy application in breeding programs for marker 
assisted selection or predictions of breeding values. The availability of public databases like 
NCBI NR, UNIPROT, and TAIR help to further functionally annotate the ESTs or EST-SSRs. 
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This algorithm based or alignment based prediction of gene function could be verified in a trait 
specific case. The synchronization between functional annotation and wet lab validation largely 
depends on the standard of draft sequence available. Functional annotation of the SSRs provides 
opportunity for expression analysis of specific genes. The objectives of this study were to: (1) 
develop polymorphic SSR markers in lentil using EST sequences, (2) validate polymorphic 
EST-SSR markers within a diverse panel of Lens genotypes including wild lentil species, and 
(3) functionally annotate the EST-SSRs using publically available protein databases. 
Materials and methods 
EST sequences assembly, SSR detection and functional annotation 
A curated search was performed in NCBI with query ("Lens culinaris"[Organism] OR 
Lens culinaris [All Fields]) AND "Lens culinaris"[porgn]) and 9,513 expressed sequence tags 
(ESTs) were systematically downloaded. ESTs representing "Lens culinaris/Colletotrichum 
truncatum mixed EST library"[porgn: __txid880151] were excluded and only Lens culinaris 
specific ESTs were further used for the downstream analysis. All the downloaded ESTs were 
cleaned for contamination using UniVec available from 
www.ncbi.nlm.nih.gov/tools/vecscreen/univec. Subsequently, cleaned ESTs were assembled 
using the Overlap-Layout-Consensus assembler MIRA (Mimicking Intelligent Read Assembly) 
(parameters: job = denovo, est, accurate, 454 using the -notraceinfo option) (Chevreux et al. 
2004). Following the MIRA assembly, unigenes were created using the CAP3 (Huang and 
Madan 1999) with parameters –p 95, –o 49, and –t 10000 as previously implemented (Dubey et 
al. 2011; Zheng et al. 2011; Duvick et al. 2008). In addition to the parameters described in Zheng 
et al. (2011) the parameter -t value was extended to 10000 which improved the quality of the 
assembly using the maximum available memory, and avoiding the misassembly of the ESTs and 
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formation of counterfeit longer assemblies as previously suggested (Dubey et al. 2011; Duvick et 
al. 2008). Assembled unigenes were searched for SSRs using MISA (http://pgrc.ipk-
gatersleben.de/misa/) (Thiel et al. 2003). For classifying true SSRs, we defined, a minimum 
repetitive stretch of 10 nucleotides as mono-, a consecutive stretch of 6 repeat units to be 
classified as di-, and a stretch of 5 repeat units for each tri-, tetra-, penta- and hexa-nucleotide 
stretches as simple sequence repeats (SSRs). To identify and classify the compound repeats, the 
minimum distance between two repetitive units was kept at ≤100 bp as previously suggested in 
MISA (Thiel et al. 2003). Open reading frames were extracted from the assembled unigenes 
using the extract ORF utility of the EMBOSS package available from 
http://emboss.sourceforge.net.  
Database mining 
Development of EST-SSRs and primer design 
Following the identification of the SSRs, primer pairs were designed using Primer3 core 
version 1.1.4 available from http://primer3.sourceforge.net with primer pair parameters 
minimum and maximum amplicon size: 100-300 bp; primer size (minimum, optimum, 
maximum): 18-27 bp; primer Tm (minimum, optimum, maximum): 57-63°C; primer GC 
content: 30-70%; CG clamp: 0; maximum end stability: 250; maximum Tm difference: 2; 
maximum self-complementarity: 6; maximum 39 self-complementarity: 3; maximum Ns 
accepted: 0; maximum poly-X:5.  
Functional annotation of unigenes and EST-SSRs 
For classifying the functional annotation and gene ontology of the ESTs, and EST-SSRs, 
we performed BLASTx searches (E-value, 1x10-5) against the publicly available GenBank nr 
(www.ncbi.nlm.nih.gov), UniProt (www.uniprot.org), and TAIR10 
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(https://www.arabidopsis.org) databases. Additional functional annotation and gene ontology 
was obtained using FastAnnotator, which employs a four way classification approach utilizing 
Blast2GO and additional sequence homology searching by BLAST against NCBI nr, gene 
ontology (GO) term assignment with default annotation rule parameters, InterProScan (IPS) 
identification of functional motifs, merging of Blast-based and IPS-based GO annotations and 
augmentation by Annex (Götz et al. 2008), PRIAM and RPS BLAST (Ashburner et al. 2000; 
Chen et al. 2012). GO annotations so obtained were further analyzed using GO-SLIM (Plant) and 
functional GO-SLIM categories were defined. 
Plant material and DNA extraction 
Four Lens genotypes (3 L. culinaris and 1 L. nigricans) were used for initial screening of 
312 primers. A diverse panel of twenty-two Lens genotypes, consisting of L. culinaris advanced 
breeding lines, parents of mapping populations, wild types and genotypes of L. nigricans, L. 
culinaris ssp. orientalis, L. lamottei was tested to identify polymorphic markers among those 
primers amplifying Lens DNA. DNA samples were extracted from individual plant leaf tissue 
when seedlings were 2 weeks old using the DNeasy® Plant Mini Kit (QIAgen). The DNA 
concentrations of the extracted samples were recorded using a Nanodrop 2000c 
spectrophotometer (Nanodrop, Wilmington, USA). The extracted DNA samples were diluted to a 
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Table 6.1. Details of plant materials used for testing of 219 primer pairs. 
Genotype Species Pedigree Reference 




RIL parent Havey and 
Muehlbauer, 1989 
WA8649041 Lens culinaris 
Medik. 
Pureline selection from bulk 
of 8 PI lines from Turkey, 
RIL parent 
Kahraman et al 2004a 
ILL669 Lens culinaris 
Medik. 
RIL parent Kahraman et al 2004a 
WA8649090 Lens culinaris 
Medik. subsp. 
culinaris 
Pureline selection from bulk 
of 8 PI lines from Turkey, 
RIL parent 
Kahraman et al 2004a  
Precoz Medik. subsp. 
culinaris 
Cultivar, Donated from 
Argentina; 
Synonym = ILL 1405 
RIL parent 
Kahraman et al 
2004b  
Red Chief Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in USA; 
RIL parent 
PI 181886/PI 329171 
Havey and 
Muehlbauer 1989 
LO4 Lens culinaris 
subsp. orientalis 
(Boiss.) Penert 
RIL parent Havey and 
Muehlbauer 1989 
Pennell Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in Northern Plains, 





Brewer Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in USA;  
RIL Parent 
Muehlbauer, 1987 
Barimasur 4 Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in Bangladesh. 
ILL588/FLIP-84-112L 
(ILL5782). 
Sarker et al. 1999a 
Emerald II Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in USA Muehlbauer 1987 
PI72618 Lens culinaris 
subsp. orientalis 
(Boiss.) Penert 
Germplasm from Turkey. https://www.genesys-
pgr.org/acn/id/64862
5 
Morton Medik. subsp. 
culinaris 




    
Morena Medik. subsp. 
culinaris 
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Table 6.1. Details of plant materials used for testing of 219 primer pairs (continued). 
Genotype Species Pedigree Reference 
PI320937 /ILL 505 Lens culinaris 
Medik. subsp. 
culinaris 




Barimasur 2 Medik. subsp. 
culinaris 
Cultivar in Bangladesh, cross 
between ILL4353/ILL353. 
Sarker et al. 1999b 
CDC Redberry Medik. subsp. 
culinaris 
Cross between 1049F3 / 819-
5R. Line 1049F3 was derived 
from the cross 567-16/545-8. 
Line 819-5R was derived 
from the cross 86-360/(458-
258G(458-122/C8L27-
RC//Precoz)F2)F1. 
Vandenberg et al. 
2006 
Barimasur 3 Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in Bangladesh. Sarker et al., 1999c 
Pardina Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in USA Personal 
communication 
Shasta Lens culinaris 
Medik. subsp. 
culinaris 





Avondale Lens culinaris 
Medik. subsp. 
culinaris 
Cultivar in USA Personal 
communication 
Lens nigricans Lens nigricans 






Three hundred and twelve primer pairs were synthesized from Europhin, USA and used 
in this study. The PCR reactions (25 µl volume) were conducted in a ABI 7500 (Applied 
Biosystems, Foster, CA, USA) thermocycler and each reaction comprised of 2.5 µl of Taq buffer 
(Promega, USA), 1.5 µl MgCl2 (25 mM) (Promega, USA), 0.20 mM of each dNTP (Promega, 
USA), 0.50 mM of each primer (Europhin, USA), 0.25 µl of Hot Start Taq polymerase 
(Promega, USA) and 20 ng of template DNA. For initial screening of primers Touchdown PCRs 
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were performed following conditions using DNA from 4 lentil genotypes: 94ºC for 3 minutes, 
followed by 18 cycles of 94ºC for 50 s, 65-55ºC for 50 s, 72ºC for 50 s followed by 20 cycles of 
94ºC for 50 s, 55ºC for 50 s and 72ºC for 50 s and final elongation step of 72ºC for 7 m. The 
PCR products were resolved in 2% agarose gels (molecular biology grade) (Sigma, USA) and 
bands were scored using gel documentation system. Primers amplifying Lens DNA were 
validated among a set of 22 diverse Lens genotypes following the PCR conditions in a ABI 7500 
thermocylcer: 94ºC for 5 minutes, followed by 42 cycles of 94ºC for 1 m, 50ºC for 1 m, 72ºC for 
1 m followed by a final elongation step of 72ºC for 5 m. Forward primers were tagged with M13 
sequence (CACGACGTTGTAAAACGAC) at the 5 ' end. Four dyes were used to set up the 
multipliex PCR reactions. PCR products were separated using an ABI3730xl (Applied 
Biosystems, Foster, CA, USA) according to manufacturer instructions with the addition of the 
ABI GeneScan LIZ500 size standard and amplification product sizes were determined using the 
GeneMapper® v3.7 software (Applied Biosystems).  
Results 
Assembly and SSR detection 
A set of 9513 EST were downloaded in FASTA file format from the NCBI and clustered 
them at identity of 0.95 into 4106 unigene sequences (Table 6.2). Then unigenes which are 
shorter than 100 bp were removed and also trimmed at the ends for the homopolymer as 
sequencing ESTs always gives a common problem of homopolymer due to the star and the 
falling activity of the DNA polymerase. MIRA assembly of 9513 EST sequences ultimately 
generated 4053 unigene sequences. Lists of unigene sequences for the polymorphic markers will 
be made available on the cool season food legume database 
(https://www.coolseasonfoodlegume.org/) (Appendix C). 
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Table 6.2. Summary of data mining of unigene sequences of Lens culinaris. 
Parameter            Number 
Total ESTs            9513 
Total size of examined sequences (bases)         2574487 
Total Unigene sequence            4053 
Total SSR detected             374 
Sequences with more than one SSR              32 
Total compound SSR              26 
Total ESTs with SSR             348 
 
The total length of analyzed sequences was 2574487 bases (Table 6.2). MISA detected 
373 SSR bearing EST sequences among these unigenes (Table 6.2). Out of these EST-SSRs 
there were 32 sequences with more than one SSR (Table 6.2). Also 26 compound SSRs were 
observed (Table 6.2). For further analysis 348 EST-SSRs were chosen. Using Primer3 primer 
pairs were designed for 348 EST-SSRs (Table A2). In addition to that, 658 primer pairs (Table 
A3) were designed based on the plantGDB assembly (version187a) of Lens culinaris 
[(http://www.plantgdb.org/download/download.php?dir=/Sequence/ESTcontig/Lens_culinaris/cu
rrent_version)]. These were designed based on the detected EST-SSRs, which were further e-
validated using ipcress in silico PCR amplifying software. In the validation experiment 312 
primers were used here, among those 48 primers were from the e-validated list (Table A3) and 
remaining 264 were from Table A2. E-validated primers are coded with prefix “PUT” and other 
primers with “UN” (Table 6.3). 
Structural and functional annotation of ESTs and EST-SSRs 
Contig length ranged between 199-2599 bp (Fig. 6.1). The most prevalent contig length 
was 600-799 bp followed by 400-599 and 800-999, respectively (Fig. 6.1). After functional GO-
SLIM analysis it was found that distribution of unigenes among GO, Domain and Enzyme 
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category was 54%, 42% and 4%, respectively (Fig. 6.2). This was consistent with the 
categorization of EST-SSRs into functional Go, Domain and Enzyme categories which were 
56%, 40% and 4%, respectively (Fig. 6.3). In the GO category -Biological Process, the first four 
processes were oxidation-reduction process, ribosome biogenesis, translation and regulation of 
transcription, and DNA dependent for total number of unigenes analyzed (Fig. 6.4). Similar trend 
was observed using GO- Biological Process analysis of EST-SSRs where ranking of processes 
were as following, oxidation-reduction process, regulation of transcription, DNA dependent, 
ribosome biogenesis, and translation (Fig. 6.5). Total number of unigenes in GO category-
molecular function showed the first four functions as DNA binding, nutrient reservoir activity, 
structural constituent of ribosome, and zinc ion binding (Fig. 6.6). However, for EST-SSRs, first 
four functions were, ATP binding, DNA binding, structural constituent of ribosome, and zinc ion 
binding in the GO category-molecular function (Fig. 6.7). In the GO category-Cellular Process, 
first four functions were for nucleus, cytosol, plasma membrane and chloroplast when the total 
number of unigenes were analyzed (Fig. 6.8). EST-SSRs analyzed for GO category-cellular 
process the first four functions were cytosol, plasma membrane, nucleus and integral to 
membrane (Fig. 6.9).  
Frequency and distribution of EST-SSRs. 
The frequency of SSRs was 6.9 per kb of sequence analyzed (373 SSRs/ 2575 kb of 
sequences) and there were 21 repeat patterns observed (Fig. 6.10). The most prevalent motif with 
greatest frequency was the trinucleotide followed by mono-, di-, tetra- and pentanucleotide 
repeat patterns. The highest number of repeat was observed in case of AG/CT, followed by 
AAG/CTT, AAC/GTT, ATC/ATG, AT/AT (Fig. 6.10). 
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Fig. 6.1. Contig length distribution of the 4053 unigenes. 
 

















  Fig. 6.3. Functional annotation of unigenes. 
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Fig. 6.4. GO category-Biological process annotation of 4053 unigenes. 




Fig. 6.5. GO category-Biological process annotation of 373 EST-SSRs. 




Fig. 6.6. GO category-cellular component annotation of 4053 unigenes. 
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Fig. 6.8. GO category-molecular function annotation of 4053 unigenes. 
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Fig. 6.10. Distribution of the simple sequence repeats across 4053 Lens culinaris unigenes. 
Validation of EST-SSRs 
Among the synthesized 312 primers, 219 successfully amplified Lens DNA. A diverse 
panel of 22 Lens genotypes, consisting of L. culinaris advanced breeding lines, parents of 
mapping populations, wild types and genotypes of L. nigricans, L. culinaris ssp. orientalis, L. 
lamottei was tested to identify polymorphic markers. A set of 57 polymorphic markers were 
found by testing 219 primers. The number of alleles amplified ranged between 2-17 for each 
primer and PIC ranged between 0.10-0.91. The average number of alleles produced per primer 





































































































































































Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 polymorphic 
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Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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59 270-299 0.62 








60 198-204 0.37 
UN32 UN0032 (AT)6 eukaryotic aspartyl 








60 272-276 0.51 










60 177-182 0.30 






Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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60 231-238 0.47 
UN3776 UN3776 (TATT)
5 









60 125-313 0.96 









60 114-266 0.90 
UN3176 UN3176 (T)10 protein nuclear fusion 
defective 6, 
chloroplastic/mitochon








59 211-264 0.66 








60 231-373 0.75 








60 234-315 0.78 






Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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60 290-305 0.79 
UN3728 UN3728 (CAA)
5 
DCD (development and 





















59 231-362 0.73 






Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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UN3414 UN3414 (TTC)6 myb-like transcription 
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Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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60 190-326 0.77 
UN0230 UN0230 (T)10 light-harvesting 









60 169-179 0.67 
UN0281 UN0281 (A)22 predicted: photosystem 
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Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 
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60 204-211 0.67 
UN0982 UN0982 (A)18 non-specific lipid-
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UN1128 UN1128 (A)10 predicted: membrane-
anchored ubiquitin-fold 
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Table 6.3. Tm, allele size, polymorphism information content (PIC), SSR type, and sequences of each of the 57 







Putative function Forward primer 
(5'-3') 























60 215-251 0.82 








60 105-211 0.49 









60 285-293 0.41 
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Discussion 
MIRA assembly is flexible, allowing short reads like ESTs to be assembled into contigs 
and specific trimming further improved the quality of the sequences (http://mira- 
assembler.sourceforge.net/docs/DefinitiveGuideToMIRA.html). The number of SSR containing 
sequences detected was very high compared to other studies however it yielded a lower number 
of polymorphic markers. These polymorphic markers successfully discriminated the test 
genotypes and grouped genetically more related individuals. Simple sequence based markers are 
the most robust and easy to use marker systems. Moreover, capillary based gel separation 
technologies now help to detect small differences in length among the alleles. Polymorphic 
marker generated as many as seventeen alleles. Similar results were obtained in other crops 
where EST databases were used to develop SSR markers (Akash and Myers 2012; Gong et al. 
2010; Gupta and Prasad 2009; Choudhary et al. 2009; Gupta et al. 2013). Kumar et al. (2015) 
reviewed the recent development of genic SSR markers in lentil (Kaur et al. 2011, 2014; Verma 
et al. 2013, 2014) and Andeden et al. (2015) developed 78 polymorphic SSR markers in lentil.  
However the number of polymorphic genic SSR markers were still limited. Kaur et al. (2011) 
validated a subset of 192 EST-SSR markers across a panel of 12 cultivated lentil genotypes 
which showed 47.5% polymorphism from a set of 2,393 EST-SSR markers. Kaur et al. (2014) 
found 40 polymorphic markers after testing 516 EST-SSRs. Andeden et al. (2015) developed 
(CA)n, (GA) n, (AAC)n and (ATG)n repeats enriched libraries and by sequencing these libraries 
found 78 polymorphic SSR markers using a set of 15 Turkish lentil genotypes. This study 
observed 21.6% polymorphism (out of the 360 primers validated 78 were polymorphic). In the 
present study 26% polymorphism was found by testing 219 markers in 22 cultivated and wild 
lentil genotypes. Verma et al. (2013) reported 42.59% polymorphism while validating 54 
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markers among 22 lentil and other genera, Medicago, Glycine and Vigna. The inclusion of other 
genera would have contributed to the higher polymorphism percentage. The use of SSR markers 
for diversity analysis or grouping of genotypes based on genetic relatedness in lentil or other 
closely related food legumes are reported by many workers (Wu et al. 2014; Kwon et al. 2012; 
Reddy et al. 2010; Liu et al. 2008).  Kaur et al. 2011 and Verma et al. 2013 also found 
comparable grouping ability of the test polymorphic markers. The number of alleles amplified 
per locus was comparatively very low in case of Verma et al. (2013) (2.3 alleles) and Andeden et 
al. (2015) (5.1 alleles) compared to this study (7 alleles). Wong et al. (2015) classified four gene 
pools in lentil using genotyping-by-sequencing (GBS) of 60 genotypes. These were primary, 
secondary, tertiary and quaternary gene pools that were formed by L. culinaris/ L. orientalis/ L. 
tomentosus, L. lamottei/ L. odemensis, L. ervoides, respectively. 
The distribution of functional annotation categories between the total ESTs and EST-
SSRs were less comparable. It is noteworthy to mention that further SLIM-ing of GO categories 
improved the authenticity of the annotation data. It was observed that most of the functions under 
any annotation category remain the same between the unigenes and EST-SSRs. Functional 
annotations of the EST-SSR flanking regions indicated the involvement in the translating portion 
of the genome. This is important from the point of view of the development of functional 
markers in lentil. The lentil genome sequencing project is underway with the most recent draft (v 
0.7) with approximately 150X coverage produced scaffolds covering about half of the genome. 
The initial assembly resulted in useful SNPs suitable for marker assisted selection (Bett et al. 
2015). Development of dense genetic maps is a prerequisite in lentil (Sharpe et al. 2013) and 
recently EST-SSR and SNPs were mapped in lentil (Gupta et al. 2012; Kaur et al. 2014).  
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In conclusion, a polymorphic set of 57 markers were developed in lentils. Out of these 14 
amplify the identical SSRs reported by Kaur et al. (2011). These were further validated among 
diverse lentil genotypes. These markers could be used by the lentil research community for 
molecular breeding.  
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CHAPTER 7. DEVELOPMENT OF MOLECULAR MARKERS FOR IRON 
METABOLISM RELATED GENES IN LENTIL AND THEIR 
EXPRESSION ANALYSIS UNDER EXCESS IRON 
Abstract 
Multiple genes and transcription factors are involved in the uptake and translocation of 
iron in plants from soil. The sequence information about iron uptake and translocation related 
genes is largely unkown in lentil (Lens culinaris Medik). This study was designed to develop 
iron metabolism related molecular markers for Ferritin-1, BHLH-1 (Basic helix loop helix) or 
FER-like transcription factor protein and IRT-1 (Iron related transporter) genes using genome 
synteny with barrel medic (Medicago truncatula). The second objective of this study was to 
analyze differential gene expression under excess iron conditions over time (2h, 8h, 24h). 
Specific molecular markers were developed for iron metabolism related genes (Ferritin-1, 
BHLH-1, IRT-1) and validated in lentil. Gene specific markers for Ferritin-1 and IRT-1 were 
used for quantitative PCR (qPCR) studies based on their amplification efficiency. Significant 
differential expression of Ferritin-1 and IRT-1 was observed under excess iron conditions 
through qPCR based gene expression analysis. Regulation of iron uptake and translocation in 
lentil needs further characterization. Greater emphasis should be given to development of 
conditions simulating field conditions under external iron supply and considering adult plant 
physiology. 
Introduction 
Iron (Fe) uptake in plants is a complex physiological process governed by homeostatic 
mechanisms in the plant. Homeostatic mechanisms involve absorption, translocation and 
redistribution of Fe within the plant system at a particular concentration (10-9-10-4 mol/l) 
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(Romheld and Scaaf 2004). Lower iron concentration leads to Fe-deficiency symptoms including 
chlorosis and necrosis in leaves and ultimately loss in biomass as well as grain yield. Higher 
concentrations of Fe within the plant system results in generation of free radical species which 
damage various cellular components by interacting with protein, lipid, carbohydrates and even 
with DNA. According to Welch and Graham (2004),  there are four different barriers controlling 
homeostatic mechanisms of mineral uptake in plants; (A) the root-soil interphase known as 
rhizosphere, (B) root-cell plasma membrane, (C) translocation to edible plant organs 
(grains/tubers), and (D) bioavailability of minerals.   
Ferritin is an iron-carrying protein in plants and has a multimeric (24-mer) cage-like 
structure that carries up to 4500 atoms of Fe within its core (Crichton et al. 1978; Wade et al. 
1993). The ferritin protein is highly conserved within the animal and plant kingdom (Ragland et 
al. 1990). Ferritin meets the metabolic need for iron when required by the metabolome as well as 
prevents any kind of oxidative stress (Raymond and Bryan 1995; Waldo and Theil 1996; 
Harrison et al. 1998). Plant ferritin subunit sequences share between 39% and 49% similarity 
with mammalian ferritin sequences (Briat et al. 2009). This similarity increases when 
comparisons are made within the plant kingdom or among close plant families. Iron homeostasis 
is important due to the minute balance that exists between iron deficiency and toxicity and that 
affects plant physiology. Impaired plant physiology ultimately affects crop yield.  Ferritin 
regulates iron homeostasis to prevent interaction of iron with other cellular components which 
may result in generation of free radicals during oxidative stress. In plants, ferritin consists of a 
single kind of subunit and ferritin bound Fe is highly bioavailable (Kalgaonkar and Lonnerdal 
2008).  
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Lentil (Lens culinaris Medik.) being a dicot plant uses strategy I where ferric iron is 
reduced at the rhizosphere and absorbed as ferrous iron by the root. Monocot plants use a 
different strategy to uptake iron from the soil (strategy II).  In Arabidopsis thaliana, reduction of 
ferric Fe is accomplished by Fe reductase FRO2 (ferric reductase oxidase-2; Robinson et al. 
1999). This was the first report of cloning and gene function elucidation of any major iron 
metabolism related gene in plants. Uptake of ferrous Fe into the root is carried out by the metal 
transporter IRT1 (iron-regulated transporter; Eide et al. 1996; Vert et al. 2002). The basic helix-
loop-helix (BHLH) transcription factor family in plants is a ubiquitous regulator and is highly 
conserved, regulating different types of genes during transcription (Heim et al. 2003). The 
BHLH transcription factor or FIT (FER-like Fe deficiency-induced transcription factor) is 
reported to be responsible for high-level expression of FRO2 and IRT-1 (Colangelo and Guerinot 
2004; Jakoby et al. 2004; Yuan et al. 2005). 
Development of gene specific markers and their utilization in understanding metabolic 
pathways are important genomic goals to achieve in any crop species for their effective 
utilization in genetic studies or molecular breeding applications per se.  Availability of specific 
DNA markers for iron metabolism related genes in lentil are not available. The objectives of the 
study were to, (1) develop gene (Ferritin-1, BHLH-1, and IRT-1) specific molecular markers in 
lentil and (2) analyze their gene expression under excess iron over time. 
 Materials and methods  
Plant materials and treatments 
CDC Redberry (Vandenberg et al. 2006) seedlings were raised in the laboratory and fresh 
tissue was collected for DNA and RNA extraction. For gene expression analysis, CDC Redberry 
seeds were germinated on wet filter paper in an incubator maintained at 25°C. Seedlings were 
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transferred to hydroponic growth in 50 mL tubes containing distilled water and kept under 
growing conditions of 16 h of light and at 25°C for eight days after germination. After complete 
development of the first trifoliolate leaf (18–21 days of growth), two different treatments were 
made: (1) control with distilled water (iron deficient condition), (2) induction of excess iron 
condition by addition of 500 µM of Fe-EDTA, 150 mM of sodium citrate and 75 µM FeSO4 
(Lobre´aux et al. 1995). Treatments were applied for 24 h and samples were collected 2, 8 and 24 
h after treatment. Three biological replications were included for each treatment. 
Development of markers 
Full length coding sequences (CDS) for three ferritin genes (ferritin-1, ferritin-2, ferritin-
3) for Medicago truncatula were acquired from the NCBI (National Center for Biological 
Information) nucleotide database on 15 April 2015. We downloaded the complete coding 
sequence of Ferritin-2 mRNA (NCBI reference sequence: XM_003616637.1) of M. truncatula 
in FASTA format and performed a nucleotide BLAST search against CDC Redberry 454 contig 
sequences in the Knowpulse database 
(http://www.knowpulse.usask.ca/portal/blast/nucleotide/nucleotide). The contig sequence with 
the highest bit score and lowest e-value and, therefore, having the highest similarity with the 
query sequence (M. truncatula Ferritin-2) was identified.  Then the contig sequence was 
downloaded from the Knowpulse database and used to design primers. Primer-BLAST 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design five primer pairs using 
default parameters (Table 7.1). One primer pair (FerrClo5) with reproducible and clear 
amplification was chosen for further analysis and development of qPCR compatible primers for 
the Ferritin gene in lentil. In addition, one primer pair specific to a lentil BHLH (Basic Helix 
Loop Helix) transcription factor or FER-like Transcription Factor gene sequence was 
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synthesized. Primers were also designed for the iron-related transporter gene based on the IRT1 
mRNA coding sequence (CDS) (LegumeIP database reference no. IMGA[Medtr8g105030.1] of 
M. truncatula for the amplification of lentil IRT-1 in the qPCR experiment. The amplicon of 
Ferritin as well as the BHLH transcription factor gene were beyond the range of optimum 
product size (>250 bp) for qPCR experiment and thus were gel purified  using a gel purification 
kit (IBI, MIDSCI, St. Louis, USA) (Vogelstein and Gillespie, 1979) following manufacturer’s 
instructions and sequenced using the Sanger sequencing method (Etonbiosciences Inc., San 
Diego, CA). The gene sequences were aligned with the respective M. truncatula mRNA 
sequences (Ferritin-2 and BHLH transcription factor gene, respectively) and primer pairs were 
designed for qPCR experiments based on the putative exonic sequences, their sequence identity, 
gap and the desired product size using Primer3 software 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Based on these sequences one primer pair for 
Ferritin-1 and another primer pair for BHLH-1 transcription factor were designed for qPCR. 
Primers for IRT-1 were directly used in qPCR and were within the qPCR compatible product size 
range (<100 bp amplicon size). 
Isolation of RNA and synthesis of complementary DNA 
Total RNA was extracted from 100 mg of fresh leaves of individual treatments using the 
QIAGEN® RNeasy Mini Kit (QIAGEN, California, USA) according to manufacturer 
instructions. The quality of the RNA extracts were determined by the spectrophotometer Nano-
Drop (ND-1000) (NanoDrop Technologies, Welmington, USA). To check the integrity of the 
RNA, the samples were stained, separated and visualized by electrophoresis in a 1 % agarose gel. 
Details about the quality of the RNA samples can be found in Table A4. The first strand of 
cDNA was synthesized from 1 µg of total RNA in a 20 µL reaction using SuperScript III First 
  135  
 
Strand Synthesis Supermix RT-PCR Kit (Invitrogen, USA). The cDNAs were diluted to 2 ng µL-
1. 
Quantitative PCR 
Three primer pairs were used for gene expression analysis, Ferritin1 (developed using 
PCR based cloning and sequencing), BHLH1 (developed using PCR based cloning and 
sequencing) and IRT1 (primer designed based on M. truncatula IRT1 gene sequence). Expression 
levels of mRNA were evaluated in a SYBR Green dye using an Applied Biosystems 7500 Fast 
Real-Time PCR System (Applied Biosystems, USA). PCR amplifications were carried out in 
triplicate in 20 µL reactions containing Maxima SYBR Green mixer (Fermentas, USA), 250 nM 
of each primer and 4 ng of cDNA. On each plate, the reference genes (GADPH and Actin) and 
negative controls were included. Amplification conditions were 50 °C for 2 min, 95 °C for 10 
min, 40 cycles at 95 °C for 15 s, 60 °C for 1 min. The calibration curves for each primer pair 
were plotted using five serial dilutions of the cDNA in water. To verify the specificity of 
amplification a dissociation curve analysis step was added to the qPCR amplification protocol. 
Amplification efficiency, slope and R2 value were determined for each primer pair.  
Amplification efficiencies were calculated by E = (10-1/slope – 1) x 100. 
Statistical analysis of gene expression analysis 
Cycle threshold (CT) values were determined using SDS software (Applied Biosystems, 
USA). Gene expression data were analyzed using the CT values and amplification efficiency 
values using method 2-ΔΔCT (Livak et al. 2001). Geometric means of reference genes were used 
to normalize the CT values of the individual samples. The program REST 2009—Relative 
Expression Software Tool (Pfaffl 2001) was used to determine if the differences between the 
treatments were statistically significant (P<0.05).  
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Results 
Development of markers 
After performing BLASTn analysis using ferritin-2 mRNA sequence of Medicago 
truncatula in the KnowPulse database (University of Saskatchewan, Canada) one contig 
sequence was identified, LcRBContig00605, based on BIT score (700), sequence identity (91%) 
and e-value (0) (Table 7.1). BLASTn results using other plant species resulted into the 
identification of this contig sequence (LcRBContig00605) (data not shown). Five primer pairs 
were designed using Primer-BLAST, FerrClo1, FerrClo2, FerrClo3, FerrClo4, and FerrClo5 
(Table 7.2).  Among the five primer pairs FerrClo5 produced reproducible and clear 
amplification of CDC Redberry genomic DNA. Optimum PCR conditions for FerrClo5 primers 
in a ABI 7500 thermocylcer were established : 94ºC for 5 minutes, followed by 30 cycles of 
94ºC for 1 m, 60ºC for 1 m, 72ºC for 1 m followed by a final elongation step of 72ºC for 5 m. 
The amplified DNA fragment was gel purified and sequenced using Sanger’s method to obtain a 
390 bases long sequence. The sequence has been submitted to National Center of Biological 
Information (NCBI) database. Alignment of the partial genomic DNA sequence with the M.  
Table 7.1. Nucleotide BLAST results of M. truncatula ferritin-2 gene sequence (NCBI 
reference no. XM_003616637.1) with CDC Redberry 454 contig sequences in Knowpulse 
database showing bit score, percent identity and e-value (http://knowpulse.usask.ca). 
Hit* Bit Score Identity% E-value 
LcRBContig00605 700 91 0.00e+0 
LcRBContig02360 530 90 1.53e-103 
LcRBContig20139 142 93 4.44e-5 
LcRBContig24460 167 94 1.39e-40 
LcRBContig24460 167 94 1.39e-40 
LcRBContig13391 167 94 1.39e-40 
LcRBContig07868 167 94 1.39e-40 
LcRBContig07177 167 94 1.39e-40 
LcRBContig01318 167 94 1.39e-40 
LcRBContig24151 111 91 7.13e-24 
*First 10 relevant hits are shown here 
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truncatula ferritin-2 mRNA sequence (NCBI reference sequence: XM_003616637.1) showed a 
92 bp sequence overlap with no gap (Fig. 7.1). This potential exonic sequence was used to 
design primers (Ferritin-1) using Primer-BLAST. 
Primer pairs developed in a previous study were used to amplify the BHLH-1 gene in 
CDC Redberry genomic DNA. Optimum PCR conditions for BHLH-1 primer pairs in a ABI 
7500 thermocylcer were established: 94ºC for 5 minutes, followed by 30 cycles of 94ºC for 1 m, 
60ºC for 1 m, 72ºC for 1 m followed by a final elongation step of 72ºC for 5 m. The amplified 
fragment sequenced by Sanger’s sequencing method and A 490 base long sequence for BHLH-1 
was submitted to the NCBI database. This sequence was aligned with M. truncatula BHLH 
mRNA sequence (NCBI reference number XM_003606283.1) and based on the alignment (Fig. 
7.2) a 75 bp sequence with no gap (potential exonic sequence) was used to design qPCR 
compatible primers for BHLH-1 in lentil using Primer-BLAST. 
Table 7.2 Sequence information and Tm (melting temperature) of primers designed based 





Forward sequence(5'-3') Reverse sequence(5'-3') Tm 
(°C) 
FerrClo1 TGCTGATAAGGGTGATGCGCT GGCTTCCACCTGTTCACCCA 64 
FerrClo2 AACCTGCACAGTGTTGCCTC AGTGCCAGACACCATGTCCT 62 
FerrClo3 GTTGCGCTGAAAGGTCTTGCT GCCAAGTGCACATCACCAGT 62 
FerrClo4 ACGTTGCGCTGAAAGGTCTTG TGCCAAGTGCACATCACCAG 62 
FerrClo5 CTGGTGATGTGCACTTGGCA GCTGCAGCTGCTTCCTCACT 62 
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Fig. 7.1. Sequence alignment between Medicago truncatula ferritin-2 full length CDS (NCBI 
reference no. XM_003616637.1) and lentil Ferritin-1 partial genomic sequence using 
MultAlin tool (Corpet et al. 1988) with default parameter values. From 721 to 812 was used 
to design qPCR compatible primers. 
 
Fig. 7.2. Sequence alignment between Medicago truncatula BHLH full length CDS (NCBI 
reference number XM_003606283.1) and lentil BHLH-1 partial genomic sequence using 
MultAlin (Corpet et al. 1988) with default parameter values. From 425 to 449 was used to 
design qPCR compatible primers. 
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Using a M. truncatula iron regulated transporter gene mRNA sequence [LegumeIP 
database reference no. IMGA(Medtr8g105030.1)] primer pairs (IRT1) were designed for the 
qPCR study. Dissociation curve analysis of the three pairs of primers (Ferritin-1, BHLH-1, IRT-
1) showed specific amplification (Figs. 7.3,  7.4, 7.5). Amplification efficiency of the designed 
primer pairs and reference genes (GADPH, Actin) were found to be >90% with the exception of 
BHLH-1 primer pairs (Table 7.3). Slope values ranged from -0.02 to -3.55 and R2 values ranged 
between 0.0034 and 0.9972. 
Table 7.3. Amplification statistics for one Ferritin-1, one BHLH-1, one IRT-1 gene specific 














































60 64 -3.55 0.9972 91.25 
Here, Tm=melting temperature, Size=amplicon length, Slope=slope of the trend line in 
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Table 7.4. Differentially expressed Ferritin-1 and IRT-1 genes in CDC Redberry shoot and 
root tissues over time (2, 8 and 24 h) in three replicates under excess iron.  
Gene Plant tissue                                                   Time Course 
  2h 2h 2h 8h 8h 8h 24h 24h 24h 
 Shoot tissue          
Ferritin-1  0.29 1.0 3.03 0.47 0.79 1.45 2.7 1.41 0.83 
IRT-1  0.37 1.47 0.38 0.15 0.44 1.79 1.38 1.0 0.20 
 Root tissue          
Ferritin-1  1.81 3.29 3.05 0.22 0.52 1.45 0.64 0.32 0.82 
IRT-1  1.70 5.03 4.59 0.30 0.55 1.73 0.73 0.44 1.14 
 
Table 7.5. Significance of differential expression of samples over time (TC) in excess iron in 
relation to control samples in shoot and root tissue of CDC Redberry genotype.  
Here, N= number of biological replications, E= Differentiial expression, SE= standard error, P 
(H1)= Probability of alternative hypothesis 
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Expression analysis of Ferritin-1 and IRT-1 gene 
Using the 2-ΔΔCT method (Livak et al. 2001), changes in gene transcripts were calculated 
for the treated samples (under excess iron condition) compared to the control treatments (iron-
deficient condition) (Table 7.4). For Ferritin-1 and IRT-1 genes the changes in gene transcript 
were not significantly different for the shoot tissue (Table 7.5). A 2.72 fold increase in Ferritin-1 
gene transcripts was observed in root tissue after 2 h of iron treatment (P<0.05) (Table 7.5). 
Similarly, a 3.56 fold increase in IRT-1 gene transcripts was observed (P<0.05) (Table 7.5). 
 
 Fig. 7.3 Dissociation curve for Ferritin-1 primer pairs. Derivative plotted in Y axis is the 
negative of the rate of change in fluorescence as a fraction of temperature and temperature is 
plotted on the X axis of the graph. 
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 Fig. 7.4 Dissociation curve for BHLH-1 primer pairs. Derivative plotted in Y axis is the 
negative of the rate of change in fluorescence as a fraction of temperature and temperature is 
plotted on the X axis of the graph. 
 
 Fig. 7.5 Dissociation curve for IRT-1 primer pairs. Derivative plotted in Y axis is the 
negative of the rate of change in fluorescence as a fraction of temperature and temperature is 
plotted on the X axis of the graph. 
 
Discussion 
Iron uptake from the soil and translocation within the plant is a complex physiological 
process. It involves multiple genes and transcription factors. The magnitude of mRNA transcript 
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synthesis under excess iron conditions for iron metabolism related genes (Ferritin-1, BHLH-1, 
IRT-1) in lentil was evaluated in this study. Two genes, Ferritin-1 and IRT-1, were quantitatively 
assayed for differential gene expression while BHLH-1 primers failed to exhibit amplification 
efficiency above 90 percent. Ideally gene-specific primers with amplification efficiency >90 
percent are considered for qPCR experiments (Udvardi et al. 2008). 
Dissociation curve analysis (Figs.7.3, 7.4, 7.5) which is the dsDNA melting curve 
analysis (Udvardi et al. 2008) added at the end of PCR run showed the specificity for single 
amplicon amplification and expected melting temperature for the individual primer pairs. All of 
the three primer pairs exhibited a typical single peak with expected melting temperatures 
(Fig.7.3, 7.4, 7.5). Gene expression quantification values (CT values) were normalized using 
geometric means of CT values of the two reference genes (GADPH, Actin) (Vandesompele et al. 
2002). Actin and GADPH were used in studies in lentil, pea and common bean exhibiting 
stability of expression across tissues and plant parts (Saha and Vandemark 2012, 2013, DeLaat et 
al. 2014). The objective behind the normalization of qPCR data was to remove the sampling 
error, which may arise due to RNA quantity and quality differences across samples (Table A4 ). 
In this study we developed gene-specific molecular markers for three genes (Ferritin-1, 
BHLH-1, IRT-1) in lentil. Primers for Ferritin-1and IRT-1were used in differential gene 
expression analysis. Partial genomic DNA sequences of Ferritin-1 and BHLH-1 were submitted 
to the NCBI database. These sequences are available to clone full length genomic sequences of 
each gene in lentil. The partial genomic DNA sequence BHLH-1 gene can be further analyzed 
and used to develop qPCR compatible primers for this gene. It can be hypothesized from the 
comparative genomic synteny of lentil with M. truncatula (Phan et al. 2007) that a ferritin gene 
family does exist in lentil and other ferritin genes in M. truncatula (ferritin-1 and ferritin-3) 
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could be used to develop molecular markers for the respective ferritin genes in lentil. In addition, 
once the lentil whole genome sequence is released cloning and characterization of ferritin and 
other iron metabolism related genes will be easier. 
In gene expression analysis under excess iron it was observed that only samples with 2 h 
excess iron treatments exhibited significant differential gene expression (Table 7.5) for both 
genes (Ferritin-1 and IRT-1) in root tissues. The absence of such kinetics in gene expression 
change for samples that were given 8 h or 24 h excess iron treatments across the tissues was 
observed. The possible reason could be the different iron homeostatis mechanisms in lentil 
compared to other plant species studied under similar conditions. Development of an assay to 
find out the reason behind such variation could first start with the standardization of external iron 
treatments in lentil. In common bean by applying identical excess iron concentration (Lobre´aux 
et al. 1995) in leaf tissue similar kinetics of differential gene expression of ferritin genes 
(PvFer1, PvFer2, and PvFer1) were observed (DeLaat et al. 2014). Out of the three genotypes 
(IAC-Diplomata, Carioca, and BAT 477) used there had been significant genotypic differences 
of ferritin gene expression for two ferritin genes (PvFer1, PvFer2) (DeLaat et al. 2014). There 
were no significant differences among the treatments (control with distilled water, osmotic shock 
causing polyethylene glycol (PEG) treated, excess iron treated, PEG + excess iron treated) for 
any of the ferritin genes (DeLaat et al. 2014). The interaction between time and treatment was 
only significant for the PvFer2 and interaction between time and cultivar was significant for 
PvFer3 ferritin gene (DeLaat et al. 2014). In most of the treatments ferritin genes were up 
regulated, however, there were treatments where PvFer1 and PvFer3 were down regulated 
(DeLaat et al. 2014) over time. The above mentioned facts for common bean ferritin genes 
support the results we obtained in the case of Ferritin-1 and IRT-1 genes under identical 
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conditions.  Further, the gene expression levels for iron metabolism related genes were low in 
lentil as evident by the high CT values. Number of biological replications may be increased to 
improve power of the test. The difference between seedling and adult plant physiology should be 
taken into consideration in future experiments. In summary, gene specific markers were 
developed for 3 iron metabolism related genes (Ferritin-1, BHLH-1, IRT-1) in lentil using PCR 
based cloning and significant differential expression was observed for Ferritin-1 and IRT-1 
genes at the transcriptional level. 
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CHAPTER 8. OVERALL CONCLUSIONS AND FUTURE RESEARCH  
Micronutrients act as cofactors for enzymes and vitamins act as coenzymes in metabolic 
reactions. Both these activities are important for normal growth and development of human 
body. Iron deficiency is prevalent throughout the world. Folate or vitamin B9 deficiency in child 
bearing women causes neural tube defects in child. Preventing iron and folate deficiency 
occurrence is a priority research area. Lentil (Lens culinaris Medik.) is a food legume consumed 
heavily in developing countries of Southeast Asia where iron and folate deficiencies are 
prevalent. Biofortification of lentil for iron and folate concentration will positively impact the 
nutrition status of the consumers. To initiate any biofortification program phenotyping of the 
existing germplsm resources is important to identify donor sources. Phenotyping was done to 
find out the present status of lentil genotypes for folate concentrations. It was observed that lentil 
genotypes used in this study were rich in bioavailable tetrahydrofolate concentration (255 μg/100 
g). Significant genotype x environment effect was observed controlling folate concentration in 
lentil. Folate concentration is significantly influenced by varying environmental conditions as 
reported by other workers working on secondary metabolites. In this study only cultivated 
species were evaluated for folate concentration; inclusion of wild species may exhibit the 
broader range of diversity for folate. Future experiments involving field samples should take into 
consideration of the soil fertility status also.   
Cultivated (L. culinaris) as well as wild species (L. ervoides, L. nigricans, and L. 
lamottei) were used for mineral analysis. Lentil being a crop with narrow genetic base like any 
other food legume inclusion of wild species was important. Phenotyping of 26 lentil genotypes 
were done for iron and other micronutrients (zinc, calcium, magnesium and copper) to know the 
mineral profile. Significant differences were found between 26 cultivated and wild lentil 
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genotypes for micronutrient (iron, zinc, calcium, magnesium and copper) concentration. No 
single genotype had high concentrations of all micronutrients. Genotype with high concentration 
of any specific micronutrient can be crossed with a genotype with low concentration of that 
specific micronutrient to develop mapping population. Mapping populations can be used to map 
the regions in lentil genome controlling micronutrient concentration. Future studies may involve 
larger set of germplasm or core set of germplasm for phenotyping micronutrients in lentil. It is 
important to know the proportion of everyday requirement of the body for any micronutrient or 
vitamin fulfilled by each serving. The data from phenotyping were analyzed to find out the 
proportion of recommended daily allowance (RDA) 100 g serving size of lentil can provide. It 
was observed that 100 g serving of lentil can provide considerable fraction of RDA for the 
micronutrients (Fe, Zn, Cu, and Mg), for example, 100 g serving of lentil could meet 14-51% of 
RDA for iron. However, 26 lentil genotypes were not a good source of Ca as observed in the 
study. 
Part of the present research concentrated on the genetic aspects: use as well as 
development of molecular markers to analyze genetic variation in lentil genotypes. Molecular 
markers were used to know the genetic relatedness of the lentil genotypes. A limited number (13) 
of simple sequence repeats (SSRs) markers were polymorphic and the cluster analysis grouped 
29 cultivated and wild lentils genotypes into 4 clusters broadly based on the genotyping data, 
which was at par with their pedigree relationships. Number of alleles amplified ranged from 2-4 
which indicated the limitation with agarose based allele detection electrophoresis system. More 
number of SSRs as well as other types of molecular markers, for example, single nucleotide 
polymorphism or SNP markers could be used to study the genetic diversity in cultivated and wild 
lentils. 
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Polymorphic simple sequence repeats markers are limited in lentil. Public databases were 
used in many crop species like rice, wheat, chickpea, pea, to develop genic simple sequence 
repeats markers. This approach reduces the cost as development of libraries or clones are not 
involved. A set of 57 polymorphic expressed sequence tags-simple sequence repeats (EST-SSRs) 
markers were developed from 9513 EST sequences of lentil available in National Center for 
Biological Information (NCBI). A diverse set of traits was assigned to these genic markers. The 
number of alleles amplified ranged from 2-17 for each marker which indicated usefulness of 
capillary gel electrophoresis system compared to less powerful system like agarose gel 
electrophoresis for allele detection. These polymorphic primers along with annotation data may 
help in lentil improvement for yield and nutritional traits. For example, one of the annotated 
markers, BHLH-1 used to study for iron uptake in lentil under excess iron. These polymorphic 
primers could be mapped in lentil genetic map by genotyping a mapping population in lentil. 
Micronutrient uptake in plants is a complex physiological process governed by 
homeostatic mechanisms in the plant. There is existing thin line between the concentration of 
micronutrients causing deficiency and toxicity in plants. It is therefore important to understand 
that how plant respond to the external excess supply of micronutrients. In case of iron lentil 
being a dicot plant uses strategy I where ferric iron is reduced at the rhizosphere and absorbed as 
ferrous iron by the root. Uptake of ferrous Fe into the root is carried out by the metal transporter 
IRT-1 (iron-regulated transporter). The basic helix-loop-helix (BHLH) transcription factor family 
in plants is a ubiquitous regulator and is highly conserved, regulating different types of genes 
during transcription. The BHLH transcription factor or FIT (FER-like Fe deficiency-induced 
transcription factor) is reported to be responsible for high-level expression of IRT-1. Another 
important gene in iron metabolism is Ferritin which codes for iron storage protein ferritin. 
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Ferritin protein with a cage like structure which carries upto 4300 iron atoms per molecule. In 
order to understand the gene expressions under external excess iron gene specific markers for 
three genes (Ferritin-1, BHLH-1, IRT-1) were developed using sequence information in 
Medicago truncatula.  Ferritin-1 and IRT-1 were differentially expressing under excess iron at 2 
hours and not at 8 hours and 24 hours. This transient increase in mRNA of Ferritin-1 and IRT-1 
and further decrease in gene expression over the time course (8 and 24 hours) further supports 
the existing strong homeostatic response. It is now important to observe the gene expression at 
translational level under excess iron. Future study may involve strategies to develop quantitative 
PCR compatible markers for other iron metabolism genes in lentil such as other members of 
Ferritin gene family and other transporters involved in iron uptake and translocation. More 
emphasis should be given to create actual soil condition under external iron supply. The 
difference between adult plant and seedling plant physiology should also be taken into 
consideration.  
Results of these studies contributed to a broad understanding of the genetic variation, 
environmental influence on and expression of genes related to micronutrient and vitamin 
concentration and metabolism in lentil. The approach applied for iron and folate concentration 







  153  
 
APPENDIX A. TABLES 
Table A1. Details of 39 molecular markers used for the genetic diversity analysis of 29 Lens 
genotypes (Gupta et al. 2012; Kaur et al. 2011). 
Primer name Type Forward primer Reverse primer Amplicon 
size 
 BE325495    EST-SSR   CAGCCACATTTTGC
TGTAAAGA   
AGTAACCTTTGAC
CCCAGCAT   
300-330 
 BE323614    EST-SSR   GCACCAGGAATAAT
CCAATAACA   
AGCCGTCCAGTAC
CTTTGAC   
350 
 TC16680    EST-SSR   TGGAGCCATCAGAA
TTCCTC   
ATTACGATCCACC
AGGCAAC   
75 
 AC123571    SSR   CTGATCCTTTCCAA
GAAGCG   
CGCTAATTGCTGG
CTTCAAA   
190 
 AC139354    SSR   TGAGAGAGAGAGG
GCGAGAG   
AGGGGCTTTTGCC
TATTGTT   
275 
 AC139748    SSR   ATCTGGTAGGAGAT
GGTGCG   
ATGCAGAGGGGTG
ATTCAAG   
150 
 AC143341    SSR   CACGTGGGATGTCA
CCACTA   
GCCTTGCTGCAGA
AGCTATT   
400 
 AC146569    SSR   GACAAACGTTCAAT
GCCACA   
GGCTCCCTCCACT
TGTAATG   
270 
 AC146588a    SSR   GGGTTCTATGCATT
CTTCGC   
CCTCCCTCCCTCTC
TCTCTC   
410 
 AC146588b    SSR   GGGTTCTATGCATT
CTTCGC   
CCTCCCTCCCTCTC
TCTCTC   
800 
 AC146588c    SSR   GGGTTCTATGCATT
CTTCGC   
CCTCCCTCCCTCTC
TCTCTC   
850 
 AC148097a    SSR   TTGGTGCACCGTAT
TTTGAG   
CCAGGCATCCTTT
TCTTTTC   
700 
 AC148097b    SSR   TTGGTGCACCGTAT
TTTGAG   
CCAGGCATCCTTT
TCTTTTC   
200-220 
 AC149127a    SSR   GGCTGATTTGAAAC
ATGCCA   
GGTGGTTGTGGGA
CACTTTT   
330 
 AC149127b    SSR   GGCTGATTTGAAAC
ATGCCA   
GGTGGTTGTGGGA
CACTTTT   
100 
 AC149208    SSR   GTTACACCTAGCCC
CATCCA   
CACCAGAGTTATG
CCAGGGT   
175 
 AC153128    SSR   GTTCCAAAAACGCA
CCAAGT   
CATGACAGCAGTA
CATTGCC   
550 
 AC152551    SSR   TCAGCTTCATCAGC
CAAAGA   
CCAAACAGGGCCA
TAGACTC   
220 
 AC157537    SSR   GCGTGGGATCACGT
ACTTC   
CTCATCCATTGAT
CTTTCCG   
 500–525   
 CR538722    SSR   GGGTTTGTTGGTAG
TCGGTT   
TCGAAAAGATGGG
TGGAGTC   
950 
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Table A1. Details of 39 molecular markers used for the genetic diversity analysis of 29 
Lens genotypes (Gupta et al. 2012; Kaur et al. 2011) (continued). 
 
Primer name Type Forward primer Reverse primer Amplicon 
size 
 AC168149    SSR   GGCTGATTTGAAAC
ATGCCA   
GGTGGTTGTGGGA
CACTTTT   
475 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 




Forward primer Reverse primer Tm SSR type Amplicon 
size (bp) 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 










































































































59 (GAA)5 213 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 












































































































60 (A)11 194 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 



















































































































60 (T)21 267 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 









































































































60 (A)19 280 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 


































































































60 (CTC)5 268 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 








































































































60 (A)13 261 
  166  
 
Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 




































































































59 (TAT)7 229 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 





































































































60 (CGG)6 166 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 









































































































60 (TC)6 272 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 












































































































59 (A)10 238 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 
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Table A2. Details of 373 primers designed using Primer3 software based on 4513 




Forward primer Reverse primer Tm SSR type Amplicon 
size (bp) 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database. 



































































































60 (ATA)11 279 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 































































































59 (TTA)7 159 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (CA)7 182 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































59 (TC)7 220 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 

































































































60 (CAT)5 277 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (TC)26 141 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































59 (ATC)8 279 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 





























































































60 (CAA)5 252 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (AT)7 131 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




Tm SSR type Amplicon 
size (bp) 




























































































60 (A)19 111 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (CAA)5 178 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 

































































































58 (A)11 100 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 






























































































60 (TGAA)5 170 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 





























































































60 (TGG)5 151 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (AAC)6 218 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 






























































































59 (AC)7 184 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 
































































































60 (GAT)5 105 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (AC)6 157 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (T)11 275 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (TC)6 117 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 
































































































60 (GCT)5 201 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 



























































































60 (T)14 108 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































59 (A)21 189 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 
































































































59 (CAT)5 143 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




























































































60 (AAC)6 261 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (A)18 224 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 





































































































60 (GGT)5 195 
  204  
 
Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 

































































































60 (GTT)9 228 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 























































































60 (A)10 220 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (AT)6 255 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 







































































































60 (CAC)5 174 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 






























































































60 (AAG)7 224 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































59 (AC)7 225 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 

































































































60 (GAT)5 230 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


























































































60 (GTT)6 184 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 






























































































60 (TA)6 264 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (GA)6 119 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




Tm SSR type Amplicon 
size (bp) 





























































































60 (CTT)5 195 
  217  
 
Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (CT)8 257 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (A)10 198 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 
































































































60 (CT)11 273 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 






































































































59 (GTA)6 225 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 






























































































60 (CTT)5 273 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 





























































































60 (GGT)5 127 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




































































































60 (GAA)5 279 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 
































































































60 (GTT)8 240 
  225  
 
Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (TGT)5 257 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 


































































































60 (AAC)7 278 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




Tm SSR type Amplicon 
size (bp) 

































































































60 (AGA)7 110 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




Tm SSR type Amplicon 
size (bp) 





























































































60 (CTC)5 229 
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Table A3. Details of 658 primers designed using Primer3 software based on lentil unigene 
sequences in plantGDB database (continued). 
 




Tm SSR type Amplicon 
size (bp) 
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2 control shoot 1 2.17 2.21 
8 control shoot 2 2.19 2.38 
24 control shoot 3 2.20 2.35 
2 control shoot 1 2.18 2.15 
8 control shoot 2 2.16 1.85 
24 control shoot 3 2.15 1.60 
2 control shoot 1 2.15 1.36 
8 control shoot 2 2.19 2.05 
24 control shoot 3 2.17 1.84 
2 control root 1 2.16 2.08 
8 control root 2 2.16 2.25 
24 control root 3 2.12 2.22 
2 control root 1 2.18 2.30 
8 control root 2 2.13 2.33 
24 control root 3 1.77 1.86 
2 control root 1 2.14 2.64 
8 control root 2 2.08 3.83 
24 control root 3 2.16 2.40 
2 Excess iron shoot 1 2.18 2.47 
8 Excess iron shoot 2 2.17 2.50 
24 Excess iron shoot 3 2.14 2.27 
2 Excess iron shoot 1 2.09 1.88 
8 Excess iron shoot 2 2.12 2.19 
24 Excess iron shoot 3 2.10 2.31 
2 Excess iron shoot 1 2.11 2.30 
8 Excess iron shoot 2 2.06 1.55 
24 Excess iron shoot 3 2.14 2.21 
2 Excess iron root 1 2.15 2.30 
8 Excess iron root 2 1.92 1.97 
24 Excess iron root 3 2.15 1.88 
2 Excess iron root 1 2.16 1.35 
8 Excess iron root 2 2.18 2.07 
24 Excess iron root 3 2.19 2.29 
2 Excess iron root 1 2.06 1.36 
8 Excess iron root 2 2.03 1.31 
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APPENDIX B. FIGURES 
 
 
Fig. A1. Amplification efficiency of Ferritin1 primer pairs 
 
Fig. A2. Amplification efficiency of BHLH1 primer pairs 
  232  
 
 
Fig. A3. Amplification efficiency of IRT1 primer pairs 
 
Fig. A4. Amplification efficiency of GADPH primer pairs 
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APPENDIX C. LIST OF UNIGENE SEQUENCES 
Transcript sequences for PUT series of markers were obtained from plantGDB database 
(http://www.plantgdb.org/download/download.php?dir=/Sequence/ESTcontig/Lens_culinaris/cur
rent_version) 
>PUT-187a-Lens_culinaris-99 PlantGDB-assembled Unique Transcript-fragment derived 

















>PUT-187a-Lens_culinaris-668 PlantGDB-assembled Unique Transcript-fragment derived 


























>PUT-187a-Lens_culinaris-1105 PlantGDB-assembled Unique Transcript-fragment derived 







>PUT-187a-Lens_culinaris-1231 PlantGDB-assembled Unique Transcript-fragment derived 















>PUT-187a-Lens_culinaris-1263 PlantGDB-assembled Unique Transcript-fragment derived 











>PUT-187a-Lens_culinaris-1271 PlantGDB-assembled Unique Transcript-fragment derived 









>PUT-187a-Lens_culinaris-2033 PlantGDB-assembled Unique Transcript-fragment derived 

















>PUT-187a-Lens_culinaris-2096 PlantGDB-assembled Unique Transcript-fragment derived 



















>PUT-187a-Lens_culinaris-2104 PlantGDB-assembled Unique Transcript-fragment derived 


















>PUT-187a-Lens_culinaris-2213 PlantGDB-assembled Unique Transcript-fragment derived 









Unigene sequence of the polymorphic marker UN0003.1 
>UN0003 














































































































































































































Unigene sequence of the polymorphic marker UN3728 















































































Unigene sequence of the polymorphic marker UN3326 
>UN3326 
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Unigene sequence of the polymorphic marker UN0225 
>UN0225 
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Unigene sequence of the polymorphic protein UN2827 
>UN2827 
CAATCAATGCTTAACTACCAAAGAAGCAGAAAGCACATTGCACATATTGCTGTGCAT
GGTTAATAATAATAATAATGTTGTTTGTTGATAAGAAGCAAACATAGGAAAATAAT
AACTAAAATTAAAACAACCAAAGAAAGTTTGCAATTAAGTTACATTACATGACATG
TTGTCACTCTTTCTTTTCTTCAATCTTTTCTTCCTTCTTAGCTTCTTTCACTTCTTTCAC
TTCCTTAGTTGCTTTAGCTTCCTTGCTCACTTCTTTCACCTTTGCCTTCCCAGCCTTTG
GCTTCATGAAGCAAAAGCACGAGCAACAAGCCCTCACCGTATTAGGGTTTTCTGAAT
CCCGATTTCCTCAAACCAACACTGAACCCCCATTAATACCACCACTAGTCATTGCGT
TTTCAAATCCTACATTTCTCTCTATCATAACTCTTCAATATTTTCGCCTCATCGGTTAC
GCGCGAAATCAAACATACTTCGAAAGTGACTGCAATTATTCATGGCTTCTTCTTCGG
TAATCACTCCCGAAGATGTTTTGGAATCGCTTATGAACGACGGCACAATTGATGCCC
TTCGATTGAAGATCATCAACCAGCTTAAAGCCAATGAAGAACTCAAGAGTACTACT
ATAAAGATGGCTGAACAGAGTAAGGTTCTCAATACTCCTGGGGCCGAGAAACAGAC
CAAAAGAGAGC 
 
